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ABSTRACT 
In order to elucidate the effects of nanostructuring on electron behavior in 
vanadium oxides, a suite of x-ray spectroscopy techniques was employed to 
comprehensively characterize the electronic structures of V2O5 and VO2 nanoparticles 
and compare them to their bulk counterparts. V2O5 and VO2 nanoparticle powders were 
characterized via PXRD, TEM, and HR-TEM to confirm size, purity, and crystallinity. 
Additionally, DSC and temperature-varied PXRD measurements on both VO2 samples 
confirmed the structural aspect of the monoclinic to rutile metal-insulator phase 
transition, and UV-Vis measurements allowed for Kubelka-Munk analysis on the V2O5 
samples. XAS measurements enable the comparison of unoccupied conduction band 
states, while XES and RIXS measurements reveal occupied valence band states and the 
individual vanadium and oxygen PDOS below the Fermi level. XPS measurements of 
both core and valence band states both confirmed the valence band structure revealed by 
XES and also provide information on core-state energy levels. In the case of V2O5, the 
valence band O 2p states are upshifted in the nanoparticle sample, while the lowest V 3d 
conduction band states are unshifting but provide more available unoccupied states for 
excitation. These changes produce a shrunken bandgap in the V2O5 nanoparticles that is 
 
 ix 
in line with much previous computational work, but unexpected from previous 
experimental results and defies the Moss-Burstein effect usually observed in V2O5. The 
resulting changes in band structure are attributed to a higher concentration of oxygen 
vacancy defects in the nanoparticle sample. Additionally, electron correlation effects in 
V2O5 nanoparticles are found to be enhanced relative to the bulk, likely due to added 
electron presence in the V 3d split-off band. In the case of VO2, dramatic changes in both 
the valence band and conduction band states are observed both below and above the 
structural phase transition temperature. These changes (lowered unoccupied conduction 
band states coupled with broadened and upshifted occupied valence band states) also lead 
to nanoparticle bandgap reduction and enhanced metallicity. The enhanced metallic 
nature of the VO2 nanoparticles is again attributed to the increased presence of surface 
oxygen vacancy defects, as well as a V2O3-like surface reconstruction. Additionally, 
electron correlation effects are found to be reduced in the VO2 nanoparticle samples 
relative to the bulk, unlike in the case of V2O5.   
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CHAPTER ONE: INTRODUCTION 
 
 
Transition metal oxides (TMOs) show a stunning diversity of electronic behavior. 
The room temperature electrical conductivities of these compounds span 22 orders of 
magnitude, with even further range available in low-temperature, superconducting 
phases. [1] Furthermore, TMOs are able to display abrupt, radical, sometimes mysterious, 
changes in electronic, optical, and magnetic properties. [1] These metal-insulator 
transitions (MITs) can occur in response to all kinds of stimuli (such as changes in 
temperature, pressure, doping, [2] strain, [3] and applied current [4]) which make them 
even more compelling for both fundamental study and applied research. 
Among these, vanadate transition metal oxides in particular (VxOy) have been 
proposed for use in a wide array of applications, ranging from electronics and smart 
materials [1, 5-7] to photocatalysts and rechargeable batteries. [8] From a fundamental 
physics perspective, research on the electronic structure of vanadates is just as exciting. 
Vanadates serve as model correlated materials, where unique electronic behaviors arise 
from unusually strong screening interactions among correlated d electrons. [1] Studying 
vanadate electronic structure can thus provide important fundamental insight into 
enigmatic phenomena that arise from correlated electron effects, while also further 
enabling their use in many applications.  
Seeking to understand electronic behavior of TMOs is challenging, as one must 




explaining past behavior and predicting future phenomena. The first, band theory, allows 
for the delocalization of valence electrons into bands with strong orbital interaction and 
overlap, promoting many-body correlation effects and unusual electronic behavior. Mott 
Hubbard theory is used to model the extent of d electron localization via a bandwidth 
factor (“W”) which is directly proportional to the ability of electrons to hop between 
metal sites. Conversely, the repulsive Coulomb energy (Udd) between 3d electrons 
located on the same site localizes electrons and promotes more ionic character. [9] 
Correlation effects arise when the densely-packed, anisotropic 3d metal orbitals interact 
to form complex bands at higher energies. [10] The electronic properties of transition 
metal oxides are often dictated by the location of the Fermi level “amongst the mess”[10] 
of the complex d-band structure. 
On the other hand, the ionic/ cluster model (also known as the Charge Transfer 
model) presents a simple, purely localized picture. Here, d electrons are modeled as point 
charges and their behavior is dictated solely by the electrostatic environment produced by 
proximate chemical ligands.  Neglecting delocalization and bandwidth effects, electronic 
behavior is governed by three parameters: The charge transfer energy (Δ) required to 
transfer an electron from a ligand (O 2p orbital) to the transition metal 3d shell, the 
coulomb interaction (Udd) between two 3d electrons, and the extent of hybridization (V) 
between the ligand and transition metal valence orbitals. [9] 
More recently, Zaanen Sawatzky and Allen proposed a unifying schema (“ZSA” 
schematic) based on these parameters in which transition metal compounds can be 




(Udd<Δ) based on the assumption that 3d hybridization (V) plays only a minor role. 
However, this assumption has proved inadequate for early transition metal compounds 
[9] such as vanadium oxides, which have significant V 3d-O 2p hybridization. In short, 
despite their prominence, much remains to be learned about electron behavior in 
vanadium oxide systems. 
 
1.1 The Special Case of VO2 
 
While correlated electron effects can account for the metal insulator transitions in 
many transition metal compounds, [11] vanadium dioxide (VO2) presents a special case. 
[4] The stronger influence of lattice-phonon coupling that rivals correlated electron 
effects in electronic behavior causes much of its infamous structural and electronic phase 
transition to remain misunderstood. First documented by Morin in 1959, heating VO2 
to ̴68°C produces a sharp transition from insulating to metallic behavior, changing 
conductivity by up to four orders of magnitude. [4] This drastic and fully reversible 
change in band structure is accompanied by a solid-state phase transition that is most 
notably characterized by the formation/elimination of alternating and tilted V-V dimers. 
The change from insulating to metallic behavior also promotes a change in magnetic and 
optical properties- generating or removing a broad-infrared, plasmon-scattering 
resonance around 1.4 μm in the metallic phase. [12] The formation of dimer bonds also 
forces the 3d1 electrons to pair within them, transitioning from a paramagnetic to 




In the Mott Hubbard (correlated- electron) description, crystal field splitting of d-
orbitals generates an insulating gap in the conduction band around the Fermi level. 
Transitions between metallic and insulating states are explained and executed by changes 
in charge carrier density, that in turn affect the extent of screening between d electrons to 
open or close the gap. This bandgap transformation is driven solely by correlated, 
coulombic electron-electron repulsion effects and does not necessitate lattice changes. [1] 
Because of the prominent role of dimers, however, the structurally-based Peierls model 
has also been suggested to explain the MIT in VO2. In these transitions, certain lattice 
displacement phonons couple to Fermi surfaces, resulting in mobile periodic charge 
density waves (CDW, ρ(r)) of higher electron density where Fermi surfaces overlap 
(“nest”). When the metal phase’s electrons are perturbed by an applied phonon, the 
electrons move in response to screen it. At certain applied phonon vectors (“nesting 
vectors”) this screening response becomes an undefined singularity (“Kohn anomaly”). 
[10, 13] that freezes into the lattice, resulting in a lower energy structural distortion often 
marked by the formation of dimers. This change in crystallographic structure then 
prompts a change in the resulting band structure. The disappearance of the insulating 
state at higher temperatures is owed to the broadening of the electron distribution at the 
Fermi level with higher temperature, which reduces the extent of divergence in the Kohn 
anomaly. [13]  
Advocates of a Peierls-based model point to the dimerization and other structural 
distortions as key evidence for a structurally-driven transition. [1] Connections have also 




bond lengths that point to an underlying lattice transition prompting electronic structural 
changes. [4] Advocates of the Mott-Hubbard mechanism, on the other hand, point to the 
existence of metallic, dimerized monoclinic phases created solely via increased electron 
density. [1, 4] The structural transition can also be induced via electron injection and 
engineering of orbital occupancy. [14] Ultimately both models have been demonstrated to 
be important, leading it to be dubbed a “Correlation-Assisted Peierls transition,” [4, 15] 
though the exact relationship between the two processes remains poorly understood. [4] 
 
1.2 Motivation and Overview 
 
Nanostructuring (the reduction of at least one dimension of a structure to less than 
100nm) has been known to radically alter the electronic, physical, and chemical 
properties of materials compared to the bulk. [16] This tuning is particularly true of 
crystalline solids, for which the lattice structure can no longer be well-approximated by 
infinite repetitions of a nearest-neighbor, tight-binding model. Instead, the role of 
truncated surface states becomes much more prevalent in the electronic structure, [17] 
which in turn dictates all electronic, magnetic, and optical properties. Such small 
dimensions also begin to allow for the direct observation of quantum mechanical effects 
on electron behavior, further complicating their comportment. [18] In semiconductors, 
nanostructuring has been demonstrated as a direct means of bandgap engineering, [19, 
20] opening up the possibility to design precisely fine-tuned electronic and catalytic 




electronic structures is very tantalizing, much remains to be learned about how changes in 
particle dimensions actually dictate electron structure and behavior.  
Additionally, studies on VO2 nanoparticles have suggested that the structural 
phase transition and electronic phase transition may have different dependences on 
nanostructure size and defect quantity. [21, 22] These data could be taken as further 
evidence of the coupling of two separate mechanisms. This proposal is logical, as 
dramatically reducing lattice size, along with the inherent strain in nanoparticle systems, 
[23] allows for observation of lattice- specific MIT behavior that would be governed by 
Peierls physics. Simultaneously however, oxygen vacancy surface defects (which are 
often more populous in nanoparticles relative to the bulk) typically act as electron-
donating dopants in vanadium oxide systems [24] that may alter the Mott-Hubbard carrier 
density in addition to disrupting the lattice. Better understanding the effect of 
nanostructuring on the MIT in VO2 and what it might reveal about its fundamental nature 
served as further impetus for this study. 
In this thesis, x-ray absorption spectroscopy (XAS), x-ray emission spectroscopy 
(XES), x-ray photoemission spectroscopy (XPS), and resonant inelastic x-ray scattering 
(RIXS) studies are performed on nanoparticles of two prominent binary vanadium oxides, 
V2O5 and VO2. These spectroscopies are used to comprehensively map out the holistic 
conduction and valence band structure, partial densities of states, and core-level orbital 
energies of each compound in both nanoparticle and bulk form. These results allow for a 
direct and detailed comparison that reveals key elements of the effect of nanostructuring 




hybridization and degrees of electron correlation.  
Chapter Two describes the x-ray spectroscopy techniques used to 
comprehensively map out the band structure and core levels of all samples. All 
experiments were performed under ultra-high vacuum, and most using a synchrotron light 
source. Sample characterization, data processing methods, reproducibility checks, and 
strategies to avoid sample beam damage over long measurement periods are also 
discussed.  
Chapter Three compares the bulk and nanoparticle electronic structures of V2O5, a 
nominally 3d0 compound that is a prevalent, versatile catalyst and highly promising 
rechargeable battery cathode material. In both applications, nanostructuring has been 
shown to have an improved effect on performance, though a complete description of the 
effects of nanostructuring on the entire electronic band structure have not been 
experimentally explored in detail. In this thesis, the influence of enhanced defects in the 
nanoparticle structure was demonstrated to shrink the bandgap relative to the bulk 
powder, in contrast with much previous literature. The valence and conduction bands 
remain very similar between samples, indicating a lack of dramatic surface rearrangement 
that is in line with many computational predictions. Correlated electron effects are shown 
to play an enhanced role in the V2O5 nanoparticles as opposed to the bulk.  
Chapter Four compares the bulk and nanoparticle electronic structures of VO2, 
both below and above the structural phase transition temperature. VO2 is a 3d
1 compound 
of high interest in both the applied sense as a smart material for its near-ambient-




understanding the competition between correlated electron physics and phonon lattice 
effects. At room temperature, a reduced, V2O3 -like surface state is identified in the 
nanoparticle sample that promotes enhanced metallic behavior. Defects also effect 
dramatic changes in nanoparticle band structure. High temperature measurements reveal 
that both these defects and some indicators of enhanced conductivity remain relative to 
the bulk even in the metal phase. Surprisingly, correlated electron effects are shown to be 
suppressed in the VO2 nanoparticle sample. Much of these results are in sharp contrast to 
the behavior of V2O5.  
Due to the highly collaborative nature of synchrotron work, additional research 
was also performed that is absent from this thesis. These projects included a study on 
stress in ion-implanted aluminum nitride thin films, [25] evaluating the magnetic 
properties of New Zealand iron-sand, [26] studies on the conduction band of cobalt 





CHAPTER TWO: EXPERIMENTAL METHODS 
 
1.3 I. Synchrotron Radiation  
 
A synchrotron is a particle accelerator that produces high-intensity 
electromagnetic radiation by accelerating bunches of electrons at nearly the speed of light 
in a circular trajectory. The deceleration of the electrons as they stray from the linear path 
tangential to their circular orbit causes the energy lost to be released as radiation in a 
broad spectrum of electromagnetic waves that ranges from the near-infrared to hard x-
rays. [27, 28] Synchrotrons are best known for their ability to generate tunable x-rays, 
which can be loosely categorized by energy as tender (1-5keV), soft (1-20keV), or hard 
(5-120keV). [29] While most lab-based x-ray sources are monochromatic, the wide and 
tunable spectrum of high-energy radiation produced by a synchrotron allows for variable 
incident energy spectroscopy and diffraction experiments. The x-rays generated go on to 
interact with atoms and molecules in a wide range of sample types, where they 
interrogate the atomic and electronic structures which dictate almost all observed material 





Figure 2.1- Schematic of the Advanced Light Source, a third-generation synchrotron 
light source. Image from reference [30] 
 
The schematic of a typical third-generation synchrotron light source (and the one 
used throughout this thesis) is given in Figure 2.1. Unbound electrons are generated via 
an electron gun at the interior of the structure, then accelerated via magnets into a linear 
accelerator and booster ring. Finally, when they have reached over 99.99999% the speed 
of light and have an energy of 1.9 GeV, they are moved into the storage ring, where 
magnets accelerate them on a curved trajectory to produce radiation. This light is then 
channeled via x-ray optical components into a variety of branching endstations, each 





Figure 2.2 Different types of storage ring devices for bremsstrahlung radiation 
production. Image from reference [31] 
 
Three types of devices can be used in the storage ring to generate radiation by 
curving the electrons’ trajectory: bend magnets, wigglers, and undulators. (See Figure 
2.2). (Superbend magnets are a fourth type of insertion device used for higher-energy 
hard X-ray generation, but will not be discussed here.) [27] Bend magnets are themselves 
curved to lend the synchrotron its circular shape, also providing a curved region of 
constant magnetic field. This environment causes the electron’s motion to curve along a 
trajectory perpendicular to the field direction. The fan of radiation emitted is then 
directed downstream via optical devices. The straight portions of the synchrotron contain 
wigglers or undulators, both of which use a series of alternating-polarity magnetic dipoles 
to promote electron oscillation. These instruments are both considered “insertion 




electron oscillations. Wigglers use a stronger magnetic field that alternates with a longer 
period, while undulators use weaker magnets with more frequent oscillations and smaller 
period lengths.  While bend magnets and wigglers produce a similarly broad spectrum of 
radiation, an undulator produces sharp harmonic peaks whose maxima can be tuned to 
different energies in the desired experimental range. The output energy maxima of an 
undulator is controlled by changing the field strength of the magnetic dipoles. When the 
strength is increased, electrons are further deflected from a linear trajectory and travel 
over a longer distance inside the device. Thus their velocity is decreased, and the maxima 
shifts towards a lower energy, but produces a larger number of photons. Conversely, 
decreasing the field strength increases the photon energy maxima, but produces fewer 
incident photons. [32]  
The undulator magnetic field is controlled by adjusting the vertical spacing gap 
between the two rows of magnets.  This spacing dictates the magnetic field strength 
inside the undulator, which in turn dictates the wavelength of the nth harmonic spectral 
peak generated, and can be adjusted based on the desired experimental energy range. The 
relationship between the output wavelength maxima of the nth harmonic (λn) and the 
extent of the electron trajectory’s distortion from a linear path (represented as angle θ) is 
given by the fundamental undulator relationship: 






+ 𝛾2𝜃2)                                                   Eqn. 2.0 
Where n = 1,2,3…, θ represents the curvature angle of the electron path (as shown 




and K=λueB0/2nmc which can be approximated to 0.934λu [cm]B0[T]. [33] 
 
Figure 2.3- Schematic of an undulator.  Image from reference [33].  
 
The research in this thesis was performed at the Advanced Light Source (ALS), 
located at Lawrence Berkeley National Laboratory in Berkeley, CA, USA. The ALS was 
the first-ever constructed third generation synchrotron research facility and remains one 
of the world’s brightest sources of soft x-ray radiation (see Figure 2.4), the chief energy 





Figure 2.4- Brightness of the ALS synchrotron relative to everyday luminescent objects. 





1.4 II. X-ray Absorption Spectroscopy (XAS) 
 
Figure 2.5 X-ray Absorption Spectroscopy (XAS) Schematic. Figure from reference [29]. 
  
X-ray Absorption Spectroscopy (XAS) is used to map the unoccupied conduction 
band states of a material’s electronic band structure.  X-rays from the synchrotron are 
monochromated and tuned over a desired energy scan range. The x-rays excite tightly-
bound, localized core- level electrons into various empty states of the conduction band 
above the Fermi level as a function of their incident energy, revealing the unoccupied 




The excitation of the core electron into an unoccupied conduction band state can 
be detected in two ways, which are often simultaneously recorded. Total Electron Yield 
(TEY) mode detects a spike in current from the sample when a core electron is ejected 
via non-radiative Auger emission. Here, in lieu of producing a photon upon decay into 
the newly-formed core-hole, a formerly higher energy electron instead fills the vacancy, 
and in doing so transfers the difference in energy into a neighboring electron and ejects it 
from the sample. (See Figure 2.10b in XPS section.) When a signal is detected or 
intensifies, a larger avalanche of electrons leaves the sample and can be detected as 
increased current in an attached ammeter. In the soft x-ray energy regime (of interest 
here) over 99% of electrons decay via the non-radiative Auger process, often producing 
more intense and detailed spectra in TEY mode. However, this mode is limited by its 
extreme sensitivity to surface effects and contaminants. TEY has a probing depth of 50-
200 Å, owing to the short mean free path of the itinerant electrons.  
Total Fluorescence Yield (TFY) mode, on the other hand, is the raw detection of 
photons emitted by the excited electron decaying back into the ground state. This decay 
method accounts for less than 1% of electrons in the soft x-ray regime, but can still 
produce quality spectral results free from some of the sensitivities of the TEY mode. This 
method probes deeper into the sample (1000-2000Å) but can be limited by the re-
absorption of soft x-rays as they leave the material. [34] 
In both cases, the relative signal intensity of most features is governed by the 
absorption cross-section provided by Fermi’s golden rule (as expected for any photon 




transition between two quantum-mechanical states, and is given by 
𝑃𝑖→𝑓 ∝ |〈𝑓|𝐻
′|𝑖〉|2𝜌𝑓                                        Eqn. 2.1 
where Pi→f is the probability per unit time of excitation, |𝑖⟩ represents the initial (core-
occupied) electron state,  ⟨𝑓| represents the final excited state, and 𝜌f  represents the 
available final densities of states in the system. H’ is the light-matter interaction 
Hamiltonian (perturbation) operator, which can be estimated using the dipole 
approximation. [34, 35]  
The X-ray absorption coefficient (μ) is proportional to the Fermi’s golden rule 
transition rate, and is usually based on a one-electron approximation model: 
𝜇 ∝  ∑ |〈𝑖| 𝐩 ∙ 𝐀(𝐫)|𝑓〉|2𝛿(𝐸 − 𝐸𝑓)𝑓         Eqn. 2.2 
where E is photoelectron energy ℏω-Ei, The term p · A(r) accounts for the coupling to the 
X-ray field, and the summation is over the final (f) electron states. However, it is worth 
noting that the one-electron approach ignores atomic multiplet effects, which play a 
prominent role in the transition metal L-edge excitations featured prominently here. A 
complex-valued optical potential is also often added to account for many-body effects, 
[36] which play an influential role in the electronic structure of vanadium oxide 
compounds.  
Owing to the nature of these transitions, traditional dipole selection rules apply 
and limit the participating symmetries of the transitions that can be observed. The rules 




 1.   Δℓ=+/- 1 
The change in angular momentum quantum number must be +/- 1. Thus, only 
transitions between energetically neighboring states of different orbital angular 
momentum are allowed (s→p, p→d, etc.) 
2. Δmℓ= 0, +/-1 (for linear and circularly polarized light, respectively) 
The change in magnetic quantum number must be only 0 or +/- 1. Thus if the light 
is not polarized, transitions between certain p and d or f orbitals will be forbidden (eg- 





The spin quantum number cannot change. Thus, a transition cannot necessitate a 
spin flip. (eg- s-1/2 → s+1/2 is disallowed.) 
However, these rules become somewhat less stringent in the context of band 
structure as opposed to pure, individual atomic orbitals, owing to small amounts of 
admixing from all orbital-induced states. [34] At the beginning of an elemental 
absorption edge, forbidden transitions may still be weakly observed due to bound-states 
where orbitals mix more with those from surrounding atoms. The intensity of these 
features will grow with decreasing coordination symmetry.  [29] 
Incident energy tuning allows for the measurement of element and orbital specific 
partial densities of states in the conduction band. The position and shape of XAS spectral 




environment, and orbital symmetry. Crystal field splitting amongst metal-based orbitals 
will also affect spectral shape, and allow for discernment of different local metal 
coordination structures. In vanadium oxide XAS, the transitions chiefly observed in the 
soft x-ray region are from O 1s and V 2p orbitals to pure and O 2p hybridized V 3d 
states. [29] 
The higher-resolution (0.1eV scan increment) XAS measurements in this thesis 
were performed at bend magnet endstation 7.3.1 at the ALS. Lower-resolution 
measurements (0.2eV scan increment) were performed at undulator endstation 8.0.1.1. 
Both TEY and TFY signals were first normalized to the incident beam (I0), as intensity 
varies slightly over incident energy. (The I0 signal is obtained by recording electron flux 
from a piece of gold mesh located upstream in the beampath from the experimental 
chamber.) The spectra were then calibrated by aligning the oxygen K edge of a TiO2 
standard calibration scan to the literature value. [37] A linear background subtraction was 
subsequently performed by subtracting a linear fit of the pre-vanadium L-edge absorption 
baseline. Finally, each scan was normalized to the highest peak within the scan to enable 
comparison between measurement positions and samples of varying signal intensity. All 
of the XAS features described in detail in this thesis were checked for reproducibility by 
scanning in multiple positions within the same sample. This approach also further 
ensured sample homogeneity. Many of the XAS features described in this thesis were 
also checked for reproducibility on both endstations. All comparisons between scans of 
different samples were recorded during the same beamtime measurement session to 




calibration scans were performed to check and account for incident beam drift. Both 
vanadium L-edge and oxygen K-edge excitations were collected in the same scan. The 





1.5 III. X-ray Emission Spectroscopy (XES) and RIXS  
 
 
Figure 2.6- XES/RIXS schematics. (a) Initial absorption with sufficient energy to eject 
core electron (b) Normal emission (c) Initial absorption with only sufficient resonant 
energy to excite core electron (d) Elastic emission (e) Inelastic emission (RIXS) resulting 





X-Ray Emission Spectroscopy (XES) and Resonant Inelastic X-ray Scattering 
(RIXS) on the other hand, reveal the occupied density of states below the Fermi level in 
the valence band. [34] 
  XES/RIXS measurements are recorded in the same manner. Initially an XAS 
measurement is collected as described previously in order to determine the resonant 
probing energies of spectral features of interest. Several types of emission processes may 
then happen depending on probing excitation energy, and whether it corresponds to 
resonant, pre-resonant, or post-resonant features in the absorption spectrum. In every 
case, fluorescence emission features following the varied incident energy excitations are 
detected via CCD detector. 
Several kinds of emission processes may occur and are demonstrated in Figure 
2.6.  If the incident excitation energy (hvin) exceeds all resonant features in the 
conduction band (available unoccupied states), the upper-level core electrons will be 
ejected from the material (Figure 2.6a) and the core-holes will be filled by electrons 
available to cascade down from the valence band in a normal emission process (Figure 
2.6b). The resulting scan of emitted photon energies (hvout) will cover the entire 
integrated density of states of the valence band. If the incident excitation energy is 
resonant with an available conduction band excited state (Figure 2.6c), then valence band 
electrons will also drop down to fill the core-hole. (again, Figure 2.6b) However, as this 
resonant emission is now element-specific depending on the selected core-electron being 
excited, the resulting spectra will be of the partial density of states (PDOS) that are 




these processes, the DOS and PDOS peaks are expected to occur in more or less the same 
energetic emission position regardless of incident energy. This overlap is because the 
differences between energetic states in the band structure do not change, but merely 
become more accessible or more resonantly enhanced depending on incident excitation 
energy. These spectra will also contain an “elastic peak” (Figure 2.6d), which simply 
corresponds to the excited core electron returning to fill its own hole. The position of this 
peak matches the incident excitation energy. [34, 38] 
 
 
Figure 2.7 Schematic of XES and RIXS features relative to XAS excitation energy, plotted 
both on energy loss (ℏωin-ℏωout) and emission energy (ℏωout) scales. The elastic peak 
representing incident energy (ℏωin) is shown in black, RIXS features are shown in dark 
grey, and XES features are shown in light grey. Image from reference [39] 
RIXS features, in contrast, migrate energetic emission position based on incident 
energy, but always by a fixed extent. These peaks are revealed by plotting spectra on an 




incident energy) where the emissions appear static and often at low-energy loss values 
close to the elastic peak. RIXS processes (Figure 2.6e) are inelastic scattering processes. 
Thus, they correspond to activities that produce non-radiative energy loss (γ) within the 
system that are still initiated via incident photon excitation. These processes can occur at 
resonant or pre-resonant excitation energies, and can sometimes be isolated from overlap 
with the peaks of the radiative normal emission processes described previously by 
probing at energies not yet sufficient to be resonant with conduction band excitation 
states. [40] Though RIXS processes themselves are non-radiative, their peaks are still 
visible as pseudo-elastic emission peaks at slightly lower energies than the elastic peak, 
whose energy loss relative to the elastic peak reveals the energy lost due to the non-
radiative scattering process (γ). Oftentimes these scattering processes constitute small-
energy electron hops between valence band and conduction band states.  
 
 
Figure 2.8 Schematic of common RIXS processes. (a) d-d excitation (b) ligand-to-metal 




There are several common types of RIXS features which can be identified and 
grouped via extent of energy loss. Charge transfer excitations typically occur at 1-7eV 
energy loss, and represent an interstitial electron hop between different lattice sites. [39]  
In vanadium oxide charge transfer excitations, the electron typically moves between 
(delocalized) O-2p ligands to the (localized) portion of the V-3d atomic states in a ligand-
to-metal charge transfer. [34] (See Figure 2.8b) Orbital excitations typically occur at 
lower energies (<1.5eV energy loss) and involve more localized, atomic-like energy 
states.  In transition metal oxides, these transitions are typically between V 3d states (“d-d 
transitions”) that arise from correlation effects from d-d- electron orbital proximity. [40] 
(See Figure 2.8a). These include eg/t2g transitions and can be used to directly read out the 
crystal field splitting energy of a transition metal compound. [39] (The direct, lower-
energy optical emission produced by relaxation of charge transfer and d-d excitation 
electrons back to the ground valence band state just below the Fermi level would not be 
visible in the x-ray detection range, but instead at much lower energies.)  
At the lowest energy loss scales (<1 eV), collective quasiparticle oscillations may 
be observed. These include magnons (collective spin changes and non-localized magnetic 
effects), plasmons (collective delocalized electrons), phonons (collective structural 
distortions), and polarons (collective charge localization coupled to lattice distortion). 
[29, 32, 39]  
XES and RIXS’s probing depth of 1000-2000 Å makes these techniques suitable 
for bulk structural analysis. Both processes are very “photon hungry” compared to XAS 




Mathematically, contributions to XES/RIXS emission spectra can be described in two 
ways. Normal, non-resonantly excited emission from a valence band state to a core state 
is considered a spontaneous, one-electron, one-photon emission event, and thus can be 
modeled using a format similar to Fermi’s golden rule: 
𝜔𝑑𝛺 ∝  𝜔
3 |〈𝑓|𝜖?̂? ∙ 𝐫|𝑖〉|
2𝑑𝛺                                         Eqn. 2.3 
This expression yields the transition rate of emitted photons of frequency ω into a 
solid angle element (dΩ) within the electric dipole approximation (𝜖?̂? ∙ 𝐫) which 
approximates the vector field as an oscillating dipole. Final and initial system states are 
still represented by f and i, respectively. [34] The dipole selection rules given above still 
apply, e.g.- only states of p character can decay into a 1s core hole. [32] 
However, if the excitation energy of the incident photon is tuned to an energy 
close to an absorption resonance, the excitation and emission processes become 
intimately coupled and can no longer be modeled separately, or as simply a product of 
absorption and emission probabilities. [29] They instead merge into a one-step process of 
interacting wavefunctions of initial and final states described using scattering theory.  
The differential scattering cross section (dσ) is given by the Kramers- Heisenberg 


















〈𝑓|𝐩𝟐 ∙ 𝑨𝟐|𝑚〉〈𝑚|𝐩𝟏 ∙ 𝑨𝟏|𝑖〉




〈𝑓|𝐩𝟐 ∙ 𝑨𝟐|𝑚〉〈𝑚|𝐩𝟏 ∙ 𝑨𝟏|𝑖〉





× 𝛿(ℏ𝜔1 − ℏ𝜔2 − 𝐸𝑓 + 𝐸𝑖) 
 
                                                                                                                                 Eqn. 2.4  
where A represents the electromagnetic vector field as a quantized operator before (A1) 
and after (A2) the scattering event; p is the momentum vector before (p1) and after (p2) 
the event; ℏω1 represents the incident photon energy; ℏω2 represents the emitted scattered 
photon energy; Ei, Em, and Ef represent the energies of the initial, intermediate, and final 
states, respectively;  dΩ represents the detection angle integration element, and Γm is the 
core-hole lifetime width of the intermediate states. The first term (summing over all final 
states, f) describes the elastic scattering contribution, while the second term (summing 
over all intermediate states, m) describes the inelastic scattering contributions. Within the 
intermediate state summation, the two enclosed terms represent contributions from 
resonant and non-resonant inelastic scattering emissions, respectively. The first, resonant 
term guides RIXS emission processes, such as the aforementioned localized low energy 
excitations and crystal field excitations. [34] Because two virtual dipole transitions are 
involved, the parity of the final state may now match the initial state, allowing for the 
observation of once-forbidden processes such as d-d transitions via u-g-u or g-u-g 




The nature of the emitted photons in this process also makes XES/RIXS studies 
advantageous for the study of highly insulating materials that cannot be investigated 
easily with XPS. [32] 
 
 
Figure 2.9- XES/RIXS Spectrometer set up at ALS endstation 8.0.1.1. Left:  Illustration of 
endstation including analysis main chamber, loadlock, and HrRIXS detection 
spectrograph. The HtRIXS spectrograph was not used here.  Right: Schematic of RIXS 
spectrograph detector optics. Images from references [41] and [42], respectively. 
 
The XES/RIXS spectra in this thesis were collected at undulator U50 Beamline 
8.0.1.1 at the Advanced Light Source. [41] A schematic of the experimental setup is 
shown in Figure 2.9.  In this experimental setup, incident x-rays from the synchrotron are 
focused onto the sample at an angle using an adjustable focus/defocus mirror. The x-ray 
photons emitted from the sample are reflected onto a second mirror, which reflects them 
onto a variable line-space diffraction grating (See Figure 2.9, right). The grating diffracts 




interference of photons of matching wavelengths in different positions. The constructive 
interference of the diffraction is spatially localized based on wavelength/energy, allowing 
for the signal to be deconvoluted and the emitted photons to be sorted by energy. An 
Andor CCD photon detector then collects the radiation, and the position of the photons 
on the detector is used to determine their individual energies.  
At the beginning of each data collection session, a dark image spectrum is first 
collected with no incident x-ray radiation. This measurement serves as a baseline for all 
subsequent spectral images. The most prominent peak of the first scan is also used to 
center the signal on the collection mirror to ensure a flat reflection surface and minimize 
the effects of mirror curvature that may appear at the outskirts of the scan. After data 
collection at a variety of incident, monochromatic photon energies, the relationship 
between peak position on the CCD detector and photon energy is determined.  
First, the incident photon energy is calibrated using a TiO2 standard, similarly as 
is done for XAS. Then, the elastic peak (indicating the energy of the incident x-ray beam 
with no interaction or loss) is located in all the scans in which it is visible. (Typically in 
these thesis studies, this peak was visible in the first seven or so scans, though elastic 
peak intensity decreases with increasing incident energy). Plotting elastic peak position 
(in units of detector pixels) versus the incident energy of the scan (and thus, the 
corresponding elastic peak energy in electron volts) reveals a linear relationship between 
elastic peak and pixel position with negligible deviation in the energy range of interest. 
This relationship is then used to convert pixel position values into energies over the entire 




scan to allow for comparisons between scans at varied incident energies which may have 
different intensities. 
The slit width of the measurements was 60 microns, and the resolution was 
estimated to be 0.5-0.8 eV.  To enhance resolution, the scans collected are a summation 
of eight individually-exposed, 90 second scans for each incident energy. Both 
preliminary XAS and XES/RIXS measurements were performed using the medium 
energy grating and the first harmonic. All directly compared XES/RIXS scans were 
collected in the same beamtime sessions to avoid artificial differences from changes in 
instrumentation set up that may arise between sessions.  
Lengthy exposure to x-ray radiation can effect its own permanent changes on the 
sample, often referred to as beam damage. Several steps were taken to account for and 
minimize the effects of beam damage during lengthy XES/RIXS measurements. The spot 
size of the elliptical beam at end station 8.0.1.1 is 100 microns horizontally and 35 
microns vertically. [42] During measurement, the beam was dithered (rastered) vertically 
over a range of 1 mm (1000 microns), drastically reducing net incident radiation on any 
fixed sample position by almost 30x. Additionally, select XES/RIXS scans were repeated 
in a different sample position which had experienced less radiation exposure to check for 
reproducibility. Finally, comparison with lab-based valence band XPS measurements 
(using a ~ 103 less-intense x-ray source exposed over a shorter time period [43]) 
complemented the XES/RIXS data on the valence band and revealed similar results. This 





1.6 IV. X-ray Photoelectron Spectroscopy (XPS) 
 
 
Figure 2.10 -(a) Schematic of XPS Spectroscopy (b) Auger emission process. Image from 
reference [29]. 
 
A schematic for X-Ray Photoemission (XPS) spectroscopy is shown in Figure 
2.10a. Unlike in XAS, which excites electrons into unoccupied conduction band states 
depending on varied incident radiation, XPS uses a monochromatic, high-energy x-ray 
source to fully ionize and eject electrons from the compound. This includes both core-




In order for a photoelectron to be ejected, the incident x-ray energy must exceed 
the sum of both the binding energy of the electron (EB) and the work function of the 
material (Φ). The excess energy retained by the electron after ejection is converted into 
kinetic energy (EK) as demonstrated by the simple relationship: 
 
𝐸𝐾 = ℎ𝑣 − 𝐸𝐵 − 𝛷                                               Eqn. 2.5 
where hv is the energy of the incident x-ray photons. Photoelectrons ejected from core 
levels will have a smaller kinetic energy compared to those ejected from the more loosely 
bound valence band, owing to their higher binding energy. Measuring the signal intensity 
of ejected electrons sorted by their kinetic energies allows for the determination of 
relative populations and binding energies of core and valence levels. Furthermore, subtle 
differences in binding energies of core levels can be detected and used to quantitatively 
differentiate between elements in various oxidation states and bonding environments. [29, 
32] XPS may also induce distinct peak structures from Auger electron ejection (Figure 
2.10b) similar to the mechanism described in the XAS section. [29] 
Since XPS measurements rely on the kinetic energies of electrons that have 
escaped the sample without inelastic collision, the mean free path of such an electron is 
relatively short. This makes XPS a highly surface sensitive technique, with a probing 
depth of only 10-20 Å. [32] 
Though XPS can be performed using a synchrotron radiation source, the 




XPS system with a monochromatic Al Kα x-ray source (1487 eV) detecting in 0.1eV 
increments. A combined low energy electron/ion flood source was applied for charge 
neutralization. Samples were calibrated relative to each other by aligning a small C1s 
adventitious carbon peak to 284.8eV [44, 45] and a Shirley background subtraction was 
applied.  All compared measurements were performed during the same session.  
1.7  
1.8 V. Sample Preparation and Analysis Conditions 
 
In all of the x-ray spectroscopy experiments performed here (XAS, XES/RIXS, 
XPS), samples were prepared by pressing powders into malleable indium foil substrates, 
which were then inserted into the ultra-high vacuum environments required for x-ray 
analysis that eliminate interference from ambient gasses in the atmosphere. For XAS 
measurements at endstation 7.3.1, the pressure was less than or equal to 5x10-8 torr. For 
lab-based XPS the maximum pressure was 1.95x10-7 torr, and for XES/RIXS 
measurements at end station 8.0.1.1 the maximum pressure was 5x10-9 torr. In the 
temperature-varied VO2 measurements, the samples were degassed prior to analysis 
under similar vacuum conditions at 45°C (below the structural transition temperature) to 
reduce the time consumed by off-gassing during the heated measurement session. 
Variable temperature samples were also mounted via spot-welded tantalum strips to 





1.9 VI. Sample Characterization and Complementary Analysis 
 
Powder X-ray diffraction spectra were collected on a tabletop Rigaku Miniflex 
6G XRD system. Powder UV-Vis-NIR spectra were collected in both reflectance and 
absorbance modes on a Cary 5000 UV-Vis-NIR Spectrometer using a diffuse reflectance 
integrating sphere and BaSO4 calibration powder. TEM samples were prepared by 
suspending powders in ethanol via sonication and drop casting onto a copper grid. Images 
were collected in both regular (50kx) and high-resolution (400kx) mode using a JEOL 
2100-F 200 kV Field-Emission Analytical Transmission Electron Microscope. 










1.10 I. Introduction 
 
Vanadium pentoxide (V2O5) is a wide bandgap, n-type semiconductor transition 
metal oxide[46] with an impressive and diverse array of promising technological 
applications. It is widely used as a catalyst for a host of industrial processes, including 
oxidation, [47] dehydrogenation, [48] sulfuric acid production, [49] and acetonitrile 
production. [50] It has also been demonstrated in photodegradation catalysis [51]  and 
suggested for dihydrogen generation. [52] In the realm of electronic materials, V2O5 is 
equally promising. It is electrochromic and has been used in electrochromic displays and 
optical devices, [47]  thermal sensors, [53] transparent conductors, [53]  and gas sensors. 
[49] It has even been studied for use in microelectronics [54] and spintronics. [55] V2O5 
is also a very prominent subject in rechargeable ion battery research. [49, 55, 56] It is one 
of just three cathode materials that has been demonstrated to intercalate with Mg2+, 
potentially allowing for doubled energy density [57, 58]  relative to the current state-of-
the-art Li+  [58] in addition to a host of other advantages. [59, 60]  The excellent 
performance of V2O5 as a reversible cathode is due to its ability to achieve a wide range 
of oxidation states, along with a layered and easily permeable crystal structure that allows 




The role of oxygen vacancies in all of these applications (sensing, 
electrochromism, batteries, catalysis) also cannot be ignored [47] , and has been critical 
to V2O5’s technological success on numerous occasions. Oxygen vacancies (especially 
those on the surface) enact changes in the electronic structure, and dangling bonds have 
been exploited in catalytic and sensing activity [62]. V2O5 is also able to act as a selective 
catalyst, where oxygen from differently-coordinated surface vacancy sites participates 
differently in a given reaction[50]  
Nanostructuring of V2O5 has been shown to alter or improve its performance in 
nearly every application.  Nanostructuring V2O5 battery cathodes improves intercalation 
behavior by increasing specific area, reducing diffusion distances, and inhibiting polaron 
formation. [57, 61, 63]  Increased surface area of V2O5 nanostructures also improves 
sensing efficiency,[46, 55]  catalytic and photocatalytic performance[55, 64]  
Nanostructures of V2O5 have also been used in semiconductors, [65] and show reduced 
resistance with respect to the bulk [56] Finally, V2O5 is of interest as a 2D material, as its 
weakly-bonded, layered structure makes it amenable to the creation of nanosheets and 
nanoscrolls. [49, 66]  
Despite the plethora of V2O5 nanostructures that have been reported, a systematic 
understanding of the relationship between nanostructure and electronic properties is still 
lacking. [24] While many types of V2O5 nanostructures have been studied via XAS, 
EXAFS, and XANES (chiefly as lithium-intercalating battery cathodes), [67] an XES/ 
RIXS study of V2O5 nanoparticles has (to my knowledge) never been undertaken. This 




cathode material, and XES and RIXS techniques rapidly becoming the tools of choice for 
battery-related electronic structure research. Here, XAS, XES, RIXS, and XPS are used 
in the first comprehensive x-ray spectroscopy study spanning the entire band structure of 
V2O5 nanoparticles and compared to that of bulk V2O5. The role of surface oxygen 
vacancies in the nanoparticles is also explored. Surprisingly, it is found that these 
particles are the first to produce a shrunken band gap relative to the bulk, owing to their 
unique electronic structure.  
 
 
Figure 3.1 -Structure of α-V2O5 (a) crystal structure from  reference [68]. Largest 
spheres represent vanadium cations. Vanadyl O(1) oxygen atoms are in light grey, 
oxygen atoms are O(2) in darker grey, and O(3) in black. (b) Distorted vanadium 





Structure of V2O5 
α-V2O5 is the most prominent V2O5 polymorph, exhibiting an orthorhombic, 
layered structure displayed in Figure 3.1a.  Each layer is composed of distorted, trigonal 
bipyramidal coordinated vanadium (V5+) cations covalently bonded to five oxygen atoms, 
with the apical oxygen bond alternating direction with every two pyramidal units. [70] 
Incorporating the weakly van der Waals bonded apical oxygen of the adjacent lower (or 
upper) layer allows the vanadium cation bonding environment to be modeled as a highly 
distorted octahedron, shown in Figure 3.1b. Here one sees three inequivalent oxygen 
atoms in the structure. O(1), the apical, vanadyl, or terminal oxygen, is doubly bonded to 
the single vanadium atom parallel to the z axis. O(2) is a doubly-coordinated bridging 
oxygen, bonded to two other vanadium atoms. O(3) is the chain oxygen, triply 
coordinated to three neighboring vanadium atoms.[68] The electrostatic repulsion 
between neighboring vanadium atoms leads to a slight vertical displacement of the 
vanadium atom from the base of each pyramid in the direction of the apical oxygen  [53, 
69]. It should be noted that while octahedral modeling of V2O5 and its electronic states is 
pervasive in the literature and used here, all octahedral crystal field degeneracies (eg, t2g) 
are eventually lifted due to the local ~ C4v structure [71]. An excellent numerical study of 
V2O5 band structure using the trigonal pyramidal (Z=5) covalently bonded cluster model 
is given in reference [72]  
It is interesting to note that the structure of V2O5 also has one-dimensional elements 
that contribute to the anisotropy of its electronic and optical properties[73-75] . The lack 




direction leads to a distinct set of V 3d conduction band orbitals with almost no Op 
antibonding admixing, completely separating them from the rest of the conduction band 
and forming a monodirectional “split off” energy band of mostly V 3dxy character 
beneath it. [24] Strong correlation effects studied in V2O5 are often centered around 
doping of this band[24] and are discussed below.  
 
1.11  II. Experimental Details 
 
Bulk V2O5 powder was obtained from Sigma Aldrich. V2O5 nanoparticle powder 
was obtained from the Nanoshel corporation (www.nanoshel.com, product NS6130-03-
399) where it was synthesized via an ecofriendly, microwave-assisted wet chemical 
method. Neither was further purified. Both were characterized to confirm size, 




1.12 III. Sample Characterization 
 
Figure 3.2-(a) X-ray diffractogram of both bulk and nano V2O5 powders. (b) TEM image 
of V2O5 nanoparticles. (c) HR-TEM image of single nanoparticle (d) Nanoparticle size 
distribution (N=100) 
 
Powder x-ray diffraction of both samples (Figure 3.2a) confirms the orthorhombic 
α-V2O5 structure (JCPDS Card 41-1426) [76] with no impurities. No XRD peak 
broadening in the nanoparticles is observed in spite of their small size and higher defect 
presence (as demonstrated in section IV), though a previous study on V2O5 nanoparticles 
of the same size also revealed them to have a highly crystalline nature. [76]  TEM 
Imaging (Figure 3.2b) reveals monodisperse, ultra-small nanoparticles with an average 
size of 5.9 nm. High-resolution TEM data (Figure 3.2c) further confirms the high 
crystallinity of the nanoparticles and also shows them to be single domain. Particle size 
distribution based on a random sampling of 100 particles is shown in Figure 2d. SEM 
Images (not shown) confirmed the bulk V2O5 powder to have particle sizes well 




Notably, the nanoparticle diffractogram’s highest intensity peak is at 20.3°, 
corresponding to the (001) reflection, while the bulk sample’s most prominent peak 
diffracts at 26.1° and corresponds to the (110) reflection. The nanoparticle peak at 26.1° 
(110) is much lower relative to the 20.3° (001) peak than it is in the bulk sample.  
Changes in the relative weight of these two peaks can indicate changes in grain size and 
relative plane contribution to external surfaces,  [77]  indicating a shift in grain size 
between samples and also implying that exposed diagonal (110) planes may be less 
prominent than (001) (z-facing) planes in the nano sample relative to the bulk. Indeed, 
Increased (001) reflection intensity has previously been observed in rod-like V2O5 





1.13 IV. UV-Vis-NIR Spectroscopy 
 
Figure 3.3-(a) UV-Vis-NIR diffuse reflectance spectra of bulk and nanoparticulate V2O5 
powders. (b) Kubleka-Munk analysis of bulk and nano V2O5 revealing a smaller bandgap 
in the nanoparticulate sample. (c) Image of powder samples 
The nanoparticulate V2O5 powder appears reddish-brown in color compared to the 
bright orange bulk, in line with previous observations of V2O5 nanoparticles. [78] (See 
Figure 3.3c).  UV-Vis-NIR diffuse reflectance spectra of both powders are shown in 
Figure 3a. The strong absorbance at less than 500 nm is attributed to ligand-to-metal 
charge transfer. [79] The broad, flat near-infrared absorption is an Urbach Tail, and 
originates from disorder- or defect- induced states within the fundamental bandgap. [24, 
70] The nanoparticles’ increased absorbance in this region indicates the increased 
presence of defects relative to the bulk, most likely oxygen vacancies. The color change 
from orange-yellow to brown has also been observed in thermally reduced V2O5 samples 




with an increase in V4+ and d-d transitions. However, one does not observe the blueshift 
of the absorption onset that is often observed in both reduced [80] and nanoparticulate 
[76] V2O5. 
Instead, Kubelka-Munk analysis (Figure 3.3b) based on an indirect band-gap 
model (n=1/2) [76] [81] is used to estimate the bandgap of the powders, and demonstrates 
a reduced bandgap in the nanoparticle sample relative to the bulk. Bulk V2O5’s bandgap 
is calculated  here at 2.18eV, (~2.2 eV) which closely matches published values of 2.2-
2.4 eV [56, 72, 76, 77].  The nanoparticle bandgap value is smaller at 2.13eV (~2.1eV). 
This order of magnitude of bandgap change is comparable to what has been observed 
previously in reduced V2O5 samples using Tauc plot analysis, albeit in the opposite 
direction.[80] 
1.14 V. XAS 
 
Figure 3.4- XAS Spectra  (TEY mode) of bulk and nano V2O5 reveal unoccupied 





V-L edge  
In both samples, the two main peaks of the vanadium L-Edge XAS (Figure 3.4a) 
are attributed to transitions from the spin-orbit-split V 2p3/2 (L3) and V 2p1/2 (L2) core 
states into unoccupied conduction bands of majority V-3d character. [82]. The fine-
structure features along the L3 peak have been extensively discussed by  Goering et al., 
[83] and result from crystal-field splitting of the V 3d orbitals. [82]  The aforementioned 
split-off conduction band is visible as the peak around 516.5eV, and is composed 
dominantly of V 3dxy character with only minute O 2pxy admixing. [73]  
The increased spectral weight of all shoulder features below 519 eV in the 
nanoparticle sample indicates a higher population of unoccupied conduction band states 
originating from the t2g V 3d orbitals, (especially V 3dxz and 3dyz states)[84]   A slightly 
higher spectral weight is also observed in the nanoparticle sample just below the peak 
onset at 516 eV, though this region of the band structure has not been assigned any 
particular orbital contribution from calculations. [85] These changes are in contrast to the 
lack of changes seen from 519-521 eV, which correspond to states of eg origin. [82] The 
actual peak positions between the bulk and nanoparticle samples do not differ appreciably 
in the entire V-L edge region.   
XAS comparisons [63] of V2O5 nanotubes versus the bulk also produced no shift 
in positions of the V-L edge XAS peaks. This study also demonstrated higher spectral 
weight in two low-lying L3 edge t2g peaks in the nanotube conduction band relative to the 




density of surface states in the nano-sized sample. [63] The unassigned region (~515-516 
eV) has also been suggested to represent additional surface states [85].  Thus, the general 
increased intensity in the nanoparticulate sample along the lower L3 edge can likely also 
be attributed to increased density of surface states in the nanoparticle sample.   
An excellent match is also found between this data and recent computational work 
on predicted V-L edge XAS spectra of V2O5 with varying geometries (O(1), O(2), or 
O(3)) of oxygen vacancy defects. This publication predicted increased spectral weight in 
the lower energy V t2g states of the L3 edge and a growing shoulder adjacent to the main 
L3 peak at 518.5eV (also seen here) for nearly every type of oxygen vacancy. [84] The 
lack of changes observed in the L2 edge are also in line with these computational 
predictions. Thus, it’s likely that the increase in surface states in the nanoparticle sample 
is also directly tied to an increased vacancy presence on these surfaces. A more detailed 
discussion of suggested vacancy assignments is provided in section VIII.    
O-K edge 
 Figure 3.4b shows the O 2p- V 3d hybridized region of the O-K edge. The peaks 
shown for both samples represent transitions from oxygen 1s core states to unoccupied 
conduction band states originating from O 2p-V 3d hybridized orbitals. The two peaks 
are attributed again to the crystal-field splitting of the metal 3d states, with those 
hybridized with t2g states around ~530 eV and eg states at ~531.5 eV. These peaks can 
also be assigned from a bonding perspective, with the σ* antibonding states at an 




O-2p σ orbital overlap. [82].  The nanoparticles show a clear 0.1 eV upward energy shift 
in the first peak, indicating the elevation of hybridized O 2p -V 3d-t2g states in the 
nanoparticulate conduction band relative to the bulk.  
The 0.1eV shift observed in this peak is consistent with the changes seen in the V-
L edge, where the t2g states are far more dramatically affected than the eg states by 
nanostructuring. A shift to higher energies of the first O K-edge t2g peak has also been 
associated with reduced vanadium oxidation states. [63] This is a likely explanation here 
as well, given  the increased presence of oxygen defects in the nanoparticle sample that 
serve to reduce their neighboring vanadium atoms. [47, 56] Shifts in the leading t2g-
hybridized O-K edge peak have previously been observed for VO2 nanoparticles relative 
to bulk powders as well,  however in the opposite direction. [86] The oxygen states 
chiefly composing this peak in V2O5 are the vanandyl oxygen p states, [68] so shifts here 




1.15 VI. XES and RIXS 
 
Figure 3.5-(a) XAS basis scan with XES resonance peaks labelled (b) V-L Edge resonant 
XES spectra (c) O-K Edge resonant XES spectra 
 
Vanadium L- Edge 
X-ray Emission Spectroscopy (XES) data was also collected for bulk and nano 
V2O5 samples; and the excitation energies are demarcated in Figure 3.5a.  Figure 3.5b 
shows the emission spectra excited along the vanadium L-edge, which presents only 
valence band emission originating from the V 3d  PDOS, and which are physically 




around 507eV in scan A is a RIXS energy loss peak attributed to a non-radiative charge 
transfer.[9, 40] The consistent peak in scans B-D occurring around 510 eV with minimal 
dispersion represents vanadium Lα emission from V 3d-O 2p hybridized valence band 
states down to the V 2p3/2 core hole. Small ~1eV energy shifts in this peak between 
resonances have been attributed to a  change in the screening environment of the 3d 
electron state.[87]. The second emission peak apparent in Scan D spanning 512-520 eV is 
VLβ emission, representing the transition from V 3d-O 2p hybridized valence band states 
to the V2p1/2 core hole, and overlapping with some charge transfer features. [40] 
There are not overall striking differences between the bulk and nanoparticle 
vanadium valence band PDOS. The lack of overall dramatic changes in spectral shape 
between the bulk and nano compounds is in line with previous predictions. Theoretical 
modeling of lower-dimensional V2O5 structures often notes the lack of significant surface 
reconstruction and qualitative similarity in DOS to the bulk [46, 48, 50, 66, 73]. This may 
be attributed to V2O5’s highly localized bonding and already two-dimensional, sheet-like 
molecular structure that is only loosely bound to other layers.[66, 73] 
Oxygen K- Edge 
Similarly, the oxygen PDOS are shown in Figure 3.5c. Scans E-G scan along 
resonant peaks in the oxygen K edge as shown in Figure 3.5a. Additionally, the non-
resonant (NR) scan is excited well above resonant XAS absorption around 580 eV and 
represents the integrated, non-element-specific density of states of the valence band. In 




emission) [40] and can be divided into three regions. The first peak around 522.5eV 
corresponds to O 2p-V 3d hybridized states chiefly originating from both bridging and 
chain (O(2), O(3)) oxygen p orbitals, while the middle region around 525eV represents V 
3d-O 2p hybrid states composed mostly of vanadyl (O(1)) oxygen p orbitals. The highest 
region around 526.5 eV has been attributed to both bridging and chain oxygen O 2p-V 3d 
states [81] and nearly pure O 2p non-bonding states. [80, 88] (A much smaller peak in all 
OKα and non-resonant scans was also seen around 510eV with a 515eV shoulder, which 
is attributed to VLα emission and not shown.)   
While the most recent O-Kα XES study of powder V2O5 [88] does not discern a 
middle vanadyl peak at 525 eV as separate from the outer ones, as seen here in both 
samples, the changes in overall peak shape as the O-K edge is scanned with increasing 
incident energy are very similar.  Thus,  the presence of the newly delineated 525 eV peak 
in both bulk and nanoparticle samples in  this study  is attributed to a roughly two-fold 
improved experimental resolution compared to Khyzun et al. [88] It may also be 
interesting to note that the V 3d states hybridized with the vanadyl O 2p states in this 
region are of chiefly t2g symmetry, and this peak is enhanced when probed by core O1s 
electrons ejected into t2g hybridized states in the conduction band (Scan E).[81]  Thus, the 
increased spectral weight seen in Scan E may be attributed to resonant enhancement, 
which has previously been observed in this region in V2O5 RPES and other studies. [2, 
53, 72]  
The most striking and consistent change between bulk and nano systems in the 




where one can discern a clear and consistent 0.2eV upshift in the nanoparticle valence 
band states. The addition of extra states in the upper-most, non-bonding (lone-pair) 
region [66] of the valence band has previously been predicted for V2O5 nanostructures.. 
Computational studies on cylindrical (single-walled) and scroll-like V2O5 nanotubes 
indicated the formation of new, non-bonding bands that lead to an increase in the Fermi 
level. These bands were partially attributed to new non-bonding states from vanadium 
and oxygen dangling bonds, [89] which one would expect to see more of with the 






Figure 3.6-(a)- Close-up view of non-resonant holistic valence band. (b) Representative 
RIXS spectra excited at resonance B and plotted on an energy loss scale. The apparent d-
d* excitation peak in both samples occurring around -1.25eV should be forbidden, but is 





A close-up of these changes in the integrated valence band scan is shown in 
Figure 3.6a.  A smaller change between bulk and nanoparticle band structure can also be 
observed in the central portion of the non-resonant valence band scan. Here one sees that 
the nanoparticle valence band displays a slight upshift in the middle region, indicating a 
change in the electronic environment of terminal vanadyl (O(1)) oxygen 2p states 
between the bulk and nano samples. [48] Changes in this region in the integrated PDOS  
speak to a changing vanadyl chemical environment in the nano sample. 
It may be worth mentioning that older calculations have interpreted the V2O5 
valence band differently- assigning vanadyl (O(1)) oxygen-derived states to be close to 
the Fermi level with bridge and chain oxygen states dominating the lower regions of the 
main structure[73]. Regardless, the changes seen in the region proximate to the fermi 
level would still indicate an upshift in energy in the vanadyl oxygen environment, similar 
to what is observed with the more current interpretation. 
RIXS 
Looking more closely at scans B and D along the V-Ledge, a RIXS peak is also 
observed when plotted on an energy loss scale between 1 and 1.5 eV in both samples 
(Figure 3.6b) This peak has previously been observed in thin film and doped vanadium 
oxide systems [40, 90-92] ) and is attributed to energy loss from a localized d-d transition 
(non-radiative electron hop) between crystal-field-split states. Since V2O5 is a nominal d
0 
compound, one would not actually expect to see this peak in either sample, owing to a 




sample can likely be at least partially explained by d1 contributions to the ground state 
from vanadium sites neighboring oxygen vacancies, which host one to two remaining 
electrons after oxygen extraction. [46, 47]. The existence of this peak in the bulk phase as 
well can be explained by simulations by Herrera et al [93] , which have pointed to an 
increased (50%) population of ligand-donated d1L states endemic even in the bulk V2O5 
ground state, regardless of vacancy effects. Other calculations[72] have even 
demonstrated considerable 3d2L2 population expected in bulk V2O5 as well. Similar peak 
positions between both samples are in line with the rest of the observations, as shifts in 
band energies have all been observed in O 2p and not V 3d states.  A more quantitative 
comparison to explain the relative intensities of these peaks in each sample using 
different normalization techniques is merited (as one might expect to see a more intense 
peak in the nanoparticle sample owing to more d1 electrons available for excitation) but is 




1.16 VII. XPS 
 
Figure 3.7- XPS spectra comparisons of bulk and nano V2O5  (a) Valence band (b) O1s 
and V2p core States (c) V 3s core states (d) O 2s core states 
 
Valence Band XPS 
Figure 3.7a demonstrates the valence band XPS spectra of both bulk and 
nanoparticulate V2O5. In both samples, similar to the non-resonant XES, the vanadyl O 
2p contribution dictates the central, prominent peak in the valence band XPS scan, with 




The upwards 0.2 eV shift in nanoparticle valence band states relative to the bulk 
is confirmed by the valence band XPS, where a holistic upwards shift of 0.2eV in the 
leading edge of the nanoparticle valence band is also observed.  A slight upshift in the 
position of the prominent middle region peak between 5-7.5 eV is also seen here, and is 
similar to the shift observed in the middle region of the non-resonant XES scan, also 
hinting at a change in the electronic environment of the terminal vanadyl oxygen in the 
nanoparticle sample.  
In both samples, the small feature seen around 1.5 eV binding energy also mirrors 
the XES data, and can be attributed to the presence of filled V 3d states from electrons 
donated from oxygen vacancy defects. [47, 56]. Electrons are transferred to V5+ ions from 
removed oxygen atoms, leading to electron occupation in originally empty V 3d states 
and reducing the neighboring vanadium to V4+ or even V3+. [47] Increased intensity in 
this inter-bandgap region has also been linked to reduced vanadium on V2O5 surfaces. 
[66] so it is surprising that this feature is not enhanced in the nanoparticle sample.  
Spectral weight in the 10-15eV region, however,  has also been attributed to increased 
oxygen vacancy defects, [47] and the nanoparticles do show slightly enhanced signal in 
this region.  
 
Core State XPS 
In order to study the effect of nanostructuring on core states, core XPS data was 
also collected. Figure 3.7b shows O 1s and V 2p core states in both samples. The first 




V 2p1/2 state, and the peak at ~517 eV represents the V 2 p3/2 state. The linewidth of 
V2p1/2 peak is broader than V2p3/2 owing to Coster-Kronig Auger transitions. [47] Both 
samples’ V 2p spin orbit split values (7.6 eV for the bulk and 7.5 eV for the 
nanoparticles) are similar to previous literature reports for both powder V2O5 and V2O5 
thin films [47, 70, 77]  though a reduction in spin orbit split value as a direct consequence 
of nanostructuring has not been previously observed.  
  The nanoparticle O 1s state shows an upshift towards the Fermi level of 0.2eV 
compared to the bulk, as does the V2p3/2 core level peak. The central V2p1/2 peak also 
upshifts in the nano sample by 0.3eV. The subtle decrease in binding energy of the 
nanoparticle V2p3/2 peak is in line with previous observations related to nanostructuring 
and defect creation. Decreases in the binding energy of this peak are associated with a 
reduction in vanadium oxidation state owing to increased electron shielding [66, 94]. 
V2O5 Thin films with increased oxygen vacancies also showed increased relative upshift 
of this peak. [70] A 0.1-0.2 eV decrease in the V 2p3/2 binding energy of V2O5 thin films 
relative to bulk powder has also been previously reported. [77] The 0.2eV upshift of the 
O 1s peak is in line with previous observations of thin films relative to bulk V2O5 powder 
[77] and thin films with additional oxygen vacancies[47] as well.  
The charge-transfer satellite peak occurring at the higher binding energy shoulder 
of the O 1s peak is a V2p1/2 satellite [72] due to a many body screening effects in the 
nominal d0 compound.[72] Thus, its more significant prominence would be expected in 
the nanoparticulate sample, where one would expect to see enhanced correlated electron 




such a surface sensitive spectroscopy technique. This is especially true of remnant 
electrons that are expected to be highly localized to vanadium metal centers at the very 
bottom of the conduction band [47, 55, 95, 96] that would thus feel strong on-site 
Coulombic repulsion effects from each other. While a decrease in the ratio of O 1s/ V 
2p3/2 peak area has also been tied to defect formation, no dramatic changes are 
immediately apparent. [70]  
Figure 3.7c and Figure 3.7d show V 3s [9] and O 2s [97] core states. A V 3s 0.5 
eV upshift and a O2s 0.4 eV upshift are both observed in the nanoparticle sample. This is 
in line with the general trend in the other spectra, and can be attributed to a net reduced 
electronic state in the nanoparticle sample. [70]  
 
1.17 VIII. Results and Discussion 
 
Shrinking Bandgap 
The fundamental optical bandgap in V2O5 is well-documented to be an indirect 
(R→ Γ) transition between the top of the chiefly O 2p state valence band occupied states 
to the bottom of the split-off V 3dxy portion of the unoccupied conduction band. [71, 73, 
81]  Even in computational studies of reduced dimensionality such as monolayers or 
surfaces, the transition is expected to remain indirect without significant fundamental 
changes. [24] Thus, these x-ray measurements confirm what was first observed via 




states (including the V 3dxy split off band) to be static relative to the bulk in the 
nanoparticle sample, while XES demonstrates a clear 0.2 V upshift in integrated valence 
band states (owed chiefly to an upshift in O 2p PDOS). This 0.2eV upshift is confirmed 
via valence band XPS measurements. Thus from these x-ray measurements, one would 
expect to see a shrink of about 0.2ev in the fundamental optical bandgap in the 
nanoparticulate sample. While Kubelka-Munk analysis predicts a smaller shift (~0.1eV), 
note that Tauc and Kubelka-Munk plots are well understood to only serve as estimates, 
and the relative qualitative changes seen between bulk and nano are still in agreement 
with the x-ray spectroscopy results.  
While many of these observations are well aligned with previous computational 
and experimental work on reduced-dimensionality V2O5 systems, it is also interesting to 
note what has not been observed. Oxygen vacancies can be considered to act as a dopant, 
[24] and their presence is expected to fill the lowest, most localized states of the 
conduction band with electrons, starting with the lowest split-off band (V dxy) and V dyz 
orbital band  [55, 98] However, nanoparticle XAS of the conduction band show relatively 
increased spectral weight of V dxy and V dyz associated features. This implies a larger 
population of unoccupied lower conduction band states relative to the bulk. These 
fundamental changes in unoccupied band structure are owed to the additional surface 
states and structural nature of vacancies themselves, regardless of added electron 
occupation. These increased unoccupied states also partially explains the unusual 
shrunken bandgap in the nanoparticulate sample.  Since there is an increased density of 




available for filling by remnant vacancy electrons remains in excess and is not exhausted. 
Due to these fundamental changes in band structure, one does not see the well-
documented Burstein Moss effect in the nanoparticle sample that is usually observed in 
V2O5. [80, 99] That is, one does not observe the pushing of the fundamental bandgap to 
larger energies as dopant electrons completely  fill lower conduction band states and 
make them unavailable for optical excitation [24, 55] In contrast, thermally reduced V2O5 
nanowires with increasing vacancies were shown to experience an absorption edge 
blueshift due to this phenomenon. [80] 
Despite a net increase in unoccupied lower conduction band states in the 
nanoparticles, there is still some evidence that added remnant electrons from oxygen 
vacancies are indeed filling these states at a higher rate than in the bulk. The lowest split-
off band states are expected to be subject to strong on-site coulomb interactions, 
producing strong correlation effects as they become filled.[24]  Thus, making more states 
available in this band for filling via nanostructuring while simultaneously doping them 
with vacancies would allow for stronger electron correlation effects to be observed in the 
nanoparticulate sample. This likely explains the pronounced O 1s XPS satellite feature 
seen in the nanoparticle samples but not bulk, which is directly linked to correlation and 
many-body screening effects. Electron correlation effects have also been known to 
slightly reduce a bandgap when degenerately filled up to a fermi level. [24]  This fact, in 
conjunction with the observed shrunken band gap, may also serve as further evidence for 
increased electron filling in the lower conduction band nanoparticle states. Generally 




doping and as would be expected in the nanoparticles) has also been tied to increased 
many body effects in V2O5. [9, 72] 
As mentioned earlier, many computational studies have suggested the possibility 
of a shrunken bandgap in V2O5 via nanostructuring as a nanotube, nanoscroll, [89, 100]  
nanoribbon [49], and some one-dimensional slabs [63]  and monolayers. [24] However, 
previous experimental studies on V2O5 nanostructures paint a radically different picture. 
The finding of a shrunken band gap is remarkable in that, to my knowledge, experimental 
studies on V2O5 nanoparticles (based on Tauc plot UV-Vis estimates) exclusively report 
an expanded bandgap relative to the bulk [76, 101-106]. This expansion is attributed to 
quantum confinement effects in reduced grain size. [76, 101] Expanded nanoparticulate 
bandgaps are even reported for nanoparticles synthesized using a similar method to that 
used here [105] and nanoparticles nearly identical in size to ours synthesized via a 
different method. [76] Other V2O5 nanostructures and thin films [104, 107, 108] almost 
always report bandgaps that are either on par with or expanded relative to bulk V2O5. 
[109]  (See the excellent table in reference [104].) The only experimental report to my 
knowledge of any shrunken band gap in V2O5 nanoparticles was achieved via titanium 
doping. [110] Interestingly, a shrunken nanoparticle bandgap relative to the bulk has 
indeed been observed in the related oxide VO2 using x-ray spectroscopy methods.[86]  
The only three instances to my knowledge of any kind of nanostructuring 
reducing a pure V2O5 optical bandgap were all seen in thin films, [70, 111, 112]  also 
attributing this shrink to increased presence of oxygen vacancies. It may be worth noting 




on a Tauc approximation modeled using a direct forbidden transition in order to produce 
a more linear data fit, instead of the well-established indirect bandgap model used here. 
The use of a direct-forbidden transition is likely outdated (not otherwise done since 1966 
[113]) and has also since been scrutinized by reference [24].  Additionally, a shrunken 
bandgap owing to the direct forbidden transition model would imply a d-d transition 
between pure V 3d, defect-induced midgap states whose lower or upper bounds had 




The formation of vacancies on the surface of V2O5 is expected [77], so it follows 
that nanoparticles with increased surface area would show increased surface vacancy 
populations, as demonstrated by the UV-Vis-NIR, XAS, and XPS data. Though oxygen 
vacancies in V2O5 are extensively researched, heated debate remains as to which oxygen 
is most likely to be removed in vacancy formation. Many both experimental and 
theoretical papers cite the vanadyl (O(1)) oxygen as most prone to removal during 
reduction [66, 77, 84]  Conversely, much experimental and theoretical evidence also 
points to the preference for triply bonded chain O(3) and bridge O(2) oxygen vacancies, 
owing to their higher vanadium coordination and weaker bonding. [48, 80, 98]  
Numerically, Removing the vanadyl oxygen from bulk V2O5 has been predicted 




expected to lower dz
2, dxz, and dyz orbital state [24]  that compose the conduction band. 
Removing a chain O(3), on the other hand, has been predicted to create increased V 3dyz 
states localized to the surrounding vanadium [98]. Chain and bridge oxygen vacancies are 
expected to only promote small local relaxations, while vanadyl vacancies promote a 
reorientation where the vacancy-adjacent vanadium moves up or down to covalently 
bond with the adjacent vanadyl oxygen in an alternate layer. [56] 
These predictions are similar to the most recent computational work of reference 
[84] which allows for direct comparison of oxygen vacancy types in bulk V2O5 based on 
their simulated XAS spectra. More dramatic band structure changes are still seen from 
vanadyl oxygen vacancies as opposed the removal of other oxygens. [84] Qualitatively 
comparing these results with Figure 9a in reference [84], the subtle changes seen in the 
nanoparticulate spectra (increases in lower conduction band peak spectral weight with 
few to no shifts in band position relative to the bulk) seem to best match the changes 
produced by a bridging oxygen (O(2)) vacancy relative to the perfect crystal simulation.  
This could imply that, at least in nanoparticle systems, the bridging oxygen is less stable 
and more prone to vacancy formation.  However, it should be noted that while the 
nanoparticle XAS spectra will contain more vacancies than the bulk, the results are still 
averaged with majority stoichiometric V2O5, so only subtle changes might be observed to 
begin with. More than one type of oxygen vacancy may also be present, and much of this 
work has hinted at changes in the electrostatic environment of the vanadyl (O(1)) oxygen, 
which may indeed be related to vacancy formation. Further work would be needed to 




sample, perhaps using advanced TEM techniques that can study oxygen vacancies with 
atomic scale resolution. [114]    
 
Vanadyl Oxygen  
Studies on scroll-like nanotubes directly relate the shrinking bandgap to the extent 
of inter-wall spacing, which is thought to chiefly affect the chemical environment of the 
vanadyl oxygen. [89, 100, 115] Computational studies on V2O5 monolayers have also 
found the bandgap to decrease with shrinking distances between layers. [24] While V2O5 
is not predicted to undergo significant reconstruction at the surface, bond lengths and 
distances are affected. [50] FTIR and Raman measurements of one aforementioned V2O5 
thin film that was thought to display a shrunken bandgap also pointed to a weakened 
V=O vanadyl bond. [70] Thus, it is no surprise that the vanadyl oxygen’s bonding and 
electrostatic environment would be expected to change at the surface and in the 
nanoparticulate sample relative to the bulk. 
The experimental results presented here have indeed hinted at changes in the 
bonding environment of the vanadyl O(1) oxygen. The precise nature of these changes, 
however, is hard to discern. XAS indicates a 0.1eV upshift of O 2p-V 3dt2g states in the 
conduction band whose O 2p states are chiefly from vanadyl oxygens. An upshift in 
conduction band states would typically mean shorter vanadyl V-O bond length and 
stronger resulting bonding/antibonding interaction.  However, XES and valence band 




bonding valence band, which would be expected to lower with enhanced bonding 
interaction over shorter distances. Thus, as previously mentioned, the  upshift in O 2p-V 
3dt2g  conduction band states  is more likely owed to the slightly reduced oxidation state 
in vanadium oxide systems (as would be expected for nanoparticles with increased 
defects), [63] despite the average V-O bond length typically increasing upon vanadium 
reduction. [69] Generally speaking, all states influenced by the vanadyl O 2p states 
upshift in energy in the nanoparticulate sample, though further work (perhaps via S-XRD, 
FTIR, or raman spectroscopy [70])  is needed to determine how this may relate to 
structural changes and bond lengths.  
 
1.18 IX. Conclusion 
 
To conclude, x-ray spectroscopy methods have been used to investigate the 
electronic structure of V2O5 nanoparticles and compare them to bulk V2O5. For the first 
time to my knowledge, a reduced bandgap in V2O5 nanoparticles relative to the bulk is 
reported. This is owed to a 0.2eV upshift in O 2p valence band states and an increased, 
but unmoving, spectral weight in the lower conduction band region. Increased availability 
of degenerate unoccupied states in the lower conduction band prevents a Moss-Burstein 
shift from being observed upon electron doping from increased oxygen vacancies, unlike 
in other V2O5 samples. These results indicate that, contrary to belief majority of other 
studies, the quantum confinement effect alone may not be sufficient to describe the 




electronic states (such as those observed here) may play a more prominent role. 
 In addition, a prominent V2p1/2 satellite peak seen in the nanoparticle XPS data 
but lacking in the bulk implies the likelihood of enhanced electron correlation effects in 
the nanoparticulate sample. This difference is owed to increased vacancy electron 
occupation of the additional degenerate states in the split-off conduction band.  
The increased role of oxygen vacancies is also prominent in the nanoparticle 
sample, however the precise type of vacancy remains unclear, as does the nature of 




CHAPTER FOUR: ENHANCED METALLICITY IN VO2 NANOPARTICLES 
 
 
1.19 I. Introduction  
 
The electronic and structural metal-insulator phase transition (MIT) in VO2 that 
occurs at near-ambient temperature has made it a promising candidate for a wide array of 
electronic and smart material applications. Uses include near-infrared-blocking smart 
windows [12], sensors [4], optical switches [116], temperature modulators, thermally-
active coatings and substrates, [12] memory devices, [117] thermal military stealth [12], 
and infrared camouflage [118]. VO2 has even been successfully demonstrated for use in 
thermally tunable metamaterial systems [116] and nanophotonics. [119] The onset 
temperature (and hysteresis width between onset temperatures during heating and cooling 
cycles) of the transition can be tuned, making VO2 even more promising from an 
engineering standpoint. Common methods towards this end are doping, strain application, 
pressure application, oxygen vacancy defect engineering, and nanostructuring. [117] 
Many studies have already pointed to the ability of nanoparticle size to modulate the MIT 
onset temperature and hysteresis width. [120-124]  
The nanostructuring of VO2 has also been observed to affect changes in the VO2 
lattice structure itself. In the only published (to my knowledge) XAS/RIXS and 
synchrotron XRPD study on VO2 nanoparticles [86], the nanostructuring of VO2 was 
linked to a weakening in the extent of V-V dimerization in the insulating phase by 




octahedral twisting observed upon dimer formation. From an electronic perspective, the 
study revealed a narrowed energy band gap compared to the bulk. Other studies on 
strained VO2 thin films [15, 125, 126] have also demonstrated the ability to modulate 
MIT behavior based on controlling the spacing within the V-V dimers. Under extremely 
strained conditions, the physical and electronic transitions can even be completely 
decoupled, revealing new structural and electronic phases and important information 
about the roles of electron correlation versus structural effects in the phase 
transition.[125, 127] 
In this study, for the first time, the complete electronic structure of VO2 
nanoparticles, both below and above the structural phase transition temperature, is 
extensively mapped and compared to bulk VO2 in order to further elucidate the effects of 
both additional surface defects and nanostructure-induced strain on band structure. 
Ultimately, the nanoparticles are found to have enhanced metallicity due to defect 
presence and a V2O3-like surface state. Elements of their enhanced metallic character 
compared to the bulk continue even in the high-temperature rutile phase. Additionally, 






Understanding the VO2 crystal structure and electronic phase transition 
 
Figure 4.1- Metal-insulator transition in VO2. a) Structural phase transition from 
dimerized, monoclinic, low-temperature phase (VO2(M)) to tetragonal rutile (VO2(R)) 
phase of higher symmetry at higher temperature. (Image from [120].) b) Band structure 
diagrams of accompanying electronic transition between low-temperature insulating and 





The basic structural components of the phase transition are well documented and 
shown in Figure 4.1a. At high temperatures, VO2 has the rutile (VO2(R)) structure with 
P42/mnm (136) tetragonal symmetry, [69] a nearest neighbor V-O bond distance of 1.92-
1.93Å [69, 126] and a uniform V-V distance of 2.85Å. [120] At low temperature, 
monoclinic VO2 (VO2(M)) has P21/c symmetry [129] which distorts from the rutile via 
the formation of V-V dimers along the rutile phase c axis (sometimes labelled cR or z 
axis) that also twist the VO6 octahedra. In the monoclinic phase, the shortest nearest 
neighbor V-O bond distance is reduced to 1.76Å, substantially increasing the overlap of 
V 3d and O 2p orbitals. [126] The vanadium-vanadium distances are also no longer 
isotropic, shrinking to 2.62Å along the dimerization axis and expanding to 3.16Å 
otherwise. [120] The number of vanadium atoms per unit cell also doubles relative to the 
rutile phase. [130] 
Changes in the electronic structure, however (shown in Figure 4.1b) are more 





point to the oxygen ligands to form sigma bonds with the O 2p ligand orbitals 
(composing bonding and antibonding bands σpd and σpd* in Figure 1b). The tetragonal 
distortion then splits the V 3d t2g orbitals. Two of the V 3d t2g orbitals (dxy and dyx) point 
between the ligands to form π bonds with them (forming the πpd and πpd* bands, also 
referred to as simply π and π*, or eg
π states) [71]. The third dxz t2g orbital points towards 
the nearest neighbor vanadium site to form the occupied non-bonding d|| band [128] 
(shown in Figure 4.1b as d||*+d||




that overlaps with the πpd* band to bridge the Fermi level. Metallicity is owed to the 
partial filling of these bands. [131]  
In the monoclinic insulating phase (often labelled M1), the vanadium atoms form 
dimers. The d|| non-bonding band is split into upper (d||*, sometimes also called upper a1g, 
[71, 125] or d||
a [132])and lower (d|| , d||
1 [128], lower a1g, [71] or d||
b[132]) states about 2 
eV apart [131] that straddle the Fermi level. Additional intermediate states (e.g.- d||
b*, not 
shown) have also been proposed to arise from correlation effects. [132] The filling of the 
lower split band with the VO2 d
1 electron from each vanadium atom (now two per unit 
cell) forms a singlet, spin-paired [133] state within the vanadium dimer pairs, and 
eliminates the magnetic moment. [131] There is also an upshift in the πpd* (eg
π) band 
[128] due to the associated VO6 octahedral twisting [15] that increases V-O hybridization 
with the apex (perpendicular to CR axis) oxygen [134] and fully empties the band [15]. A 
0.6-0.7 eV bandgap is then created between the filled d|| and unfilled πpd* bands. [5, 128, 
135] There is also a weak accompanying upshift in the unoccupied σpd* states. [131] The 
σsp bands result from bonding interactions between V 4s and ligand O 2p states, but do 
not play a prominent role in the phase transition. [128] 
Traditional band theory and kinetics have still been unable to account for all 
aspects of the VO2 phase transition. Whether or not it can be attributed to Mott-Hubbard 
physics (d electron correlation), or the Peierls model (lattice phonon coupling) [10, 13] 
has been a source of heated debate for over half a century.[136] In the Mott-Hubbard 
model, the upper and lower a1g (d||) states act as the upper and lower Hubbard bands. The 




correlation effects in the a1g (d||) band that become screened out by the πpd* (π*, eg
π ) 
states in the metallic phase. [15] In the Peierls model, the lower occupied a1g (d||) band is 
bonding and the upper is non-bonding, [71] allowing for the manifestation of the V-V 
dimer antiferromagnetic coupling. Ultimately both models have been demonstrated to be 
important in driving the transition, [15] leading it to be dubbed a “correlation-assisted 
Peierls transition.” [4] Additionally, studies on VO2 nanoparticles have suggested that the 
structural phase transition and electronic phase transition may have different dependences 
on nanostructure size and defect quantity. [21, 22] These results along with previous 
work on thin films (which demonstrated the evolution of two separate structural and 
electronic transitions over varying temperature scales [137]) could be taken as further 
evidence of the coupling of two separate mechanisms. 
 
1.20 II. Experimental Details and Sample Characterization  
 
Vanadium dioxide (VO2) nanoparticle powder was obtained from Nanografi 
Nanotechnology (www.nanografi.com, product NG04SO1703) where it was synthesized 
on a multi-gram scale. Bulk VO2 powder was obtained from Sigma Aldrich. Neither was 
further purified. Both were characterized to confirm size, composition, purity, 






Figure 4.2- XRPD diffractograms of bulk and nanoparticle VO2 confirming monoclinic 
phase at room temperature. Zoom inset highlights peak broadening in nanoparticle 
sample. 
 
Powder x-ray diffraction confirms both samples to be monoclinic VO2 (JCPDS 
card No. 43-1051) [138] at room temperature (see Figure 4.2). (The small, temperature-
independent peaks seen in the bulk sample in the zoom inset at 28.4° and 29.4° likely 
represent trace amounts of another vanadium oxide phase or oxidation state, as has often 
been seen in the literature [86] but did not further affect the experiments.) The clear 
broadening of the prominent nanoparticle peak at 27.5° is mirrored in other peaks and is 
the first indication of smaller, nanostructured domains in the nanoparticle sample. This 




distribution of nanoparticles with an average diameter of 32nm. (N=106, See Figure 4.3a 
and inset). High-resolution TEM (Figure 4.3b) confirms the high crystallinity and single 
domain nature of each particle.  
 
 
Figure 4.3 - a) TEM images of VO2 nanoparticles. Inset: particle size distribution. b) HR-







Figure 4.4- Confirming the structural phase transition. a) DSC curves of nanoparticle 
(top) and bulk (bottom) VO2 upon heating (red arrow) and subsequent cooling (blue 
arrow). b) Temperature-varied XRPD measurements of nanoparticle (top) and bulk 
(bottom) VO2 confirm rutile phase at 90°C. 
 
Temperature-varied XRPD at room temperature and 90°C confirms the structural 
transition to the rutile phase in both bulk and nanoparticle samples. This difference is 
most clearly visualized by the bifurcation of the 65° 2-theta peak at high temperatures. 
[139] (Figure 4.4b).  
Differential scanning calorimetry (DSC, Figure 4.4a) further confirms the 
reversible structural phase transition over both heating and cooling cycles, and gives 
more detailed information about transition behavior. In the bulk sample, a sharp peak 




anticipated, with a hysteresis width of only 5°C between heating and subsequent cooling 
maxima. The nanoparticle sample, on the other hand, displays a reduced transition onset 
temperature with an initial maximum at 58.8°C. The transition hysteresis width between 
heating and cooling maxima is much broader (28.1°C). The nanoparticle transition in 
both cases also occurs over a much wider temperature range, with a nanoparticle FWHM 
of 15.6°C in the initial heating cycle compared to just 5.3°C in the bulk.  
These results are in line with what has previously been observed for single-
domain VO2 nanostructures. In a single-domain nanoparticle with no internal grain 
boundaries, defects are most likely to occur on the surface as oxygen vacancies and 
unsaturated vanadium coordination sites, and can precipitate the structural phase 
transition. [122] The transition temperature is reduced due to the increased ratio of 
surface area to internal volume, and thus, increased ratio of surface defects to pristine 
crystal. As single domain nanostructures grow into millimeter-scale single crystals, or 
even larger multi-domain structures, the hysteresis width also shrinks. This decrease is 
due to a larger net number of any defect type (regardless of the ratio to the pristine crystal 
volume) that can precipitate the probability of the otherwise stochastic transition process 
in a larger sample volume. [122-124] This process also explains the expanded hysteresis 
width in the nanoparticle sample.  
Changes in VO2 nanoparticle transition temperature have also been interpreted in 
terms of strain. Smaller nanoparticles are subject to more stress which can also decrease 
the transition temperature when under the tension of expansion, mimicking the elongated 




to increase the temperature, [23] however, this relationship has not been consistently 
observed in thin films. [126]) 
Though a small shoulder is present on the main peak at 66.8°C of the bulk sample 
(Figure 4.4a), the lack of any other significant peaks in the DSC over such a broad 
temperature range also further indicates a majority monoclinic phase with no other 
prominent impurities or phase transitions. For example, VO2(B), which is one of many 
alternative VO2 polymorphs, undergoes a structural phase transition at -15°C. [140] 
 
1.21 III. Comparison Below the Structural Transition Temperature 
 
1.21.1 a. XAS 
 
 
Figure 4.5- XAS comparison of bulk and nanoparticle VO2 normalized to highest peak in 





The vanadium L-edge XAS (taken in surface-sensitive TEY mode) spectra of 
both bulk and nanoparticle samples are shown in Figure 4.5a, representing transitions 
from occupied, spin-orbit split V2p3/2 (~516 eV, LIII) and V2p1/2 (~524 eV, LII) core 
states to unoccupied conduction band states of majority V-3d character. [131] The 
nanoparticle peaks at 516.8  eV and 523.4  eV exhibit a consistent downshift from the 
bulk peaks at 517.4  eV and 524  eV, revealing a 0.6  eV downshift in the nanoparticle 
conduction band relative to the core states. A consistent 0.7 eV downshift of the leading 
edge of the first peak is also observed in the nano sample, along with a flattening 
shoulder between the two peaks at 520.4 eV. 
The downshift of peaks can be attributed to an increased presence of oxygen 
vacancy defects (VO2-x) in the nanoparticulate sample, as expected from the DSC results. 
Movement in the V L edge by -0.7 eV per oxidation state lost is expected, [121] 
indicating a significant amount of electronic V3+ character in the nanoparticle sample 
compared to the bulk, in spite of no structural traces of V2O3 in the nanoparticle XRPD. 
The V L-edge XAS shift thus implies a more electronically reduced vanadium state in the 
nanoparticle sample, likely owing to increased presence of surface oxygen defects, whose 
absence in VOx systems leaves electrons that reduce the neighboring vanadium cations. 
[66]  The enhanced 520.4 eV middle feature may also be due to contributions from  a 
reduced V3+ (V2O3-like) state, which would be expected to produce a small peak in the 




Increased spectral weight in the leading edge region of the nanoparticulate sample 
has been previously documented ([86], see RIXS inset) though was not discussed. There 
are multiple possible explanations. First, a ~515 eV shoulder has previously been 
observed in single crystal VO2 samples (such as the nanoparticles), but tends to be 
reduced in more polycrystalline environments such as the bulk powder. [121] The 
presence of enhanced weight in this region may be due to superior crystallinity (via lack 
of grain boundaries) in the nanoparticulate sample versus the bulk. Given the higher 
number of surface defects in the nanoparticle sample, higher overall crystalline quality 
would be unexpected. However, this is not impossible in light of the higher purity 
nanoparticle XRPD and lack of any detectable surface passivation layer on the 
nanoparticle samples, unlike in the bulk. (See Appendix.) Alternatively, studies on an 
oxygen-deficient VO2 thin film demonstrated an additional shoulder at the very onset of 
the V-L edge at 514 eV, owing to pure V 3d, mid-gap states resulting from local oxygen 
deficiencies prompting interstitial vanadium defects. These defects were also shown to 
reduce the onset temperature of the phase transition. [141] While the dominant defects in 
these nanoparticles most likely stem from surface oxygen vacancies and not interstitial 
vanadia, both would result in a locally oxygen-deficient region where excess remnant 
electrons are hosted by vanadium 3d centers, altering the local vanadium electronic 
environment. Enhanced spectral weight in this region has also been observed in these 
studies on V2O5 nanoparticles, and was attributed to enhanced presence of vacancy 
defects and surface effects in the nanoparticulate sample as well. (See Chapter Three.) 




indicating the presence of reduced V3+ states. [131] 
 
O-K Edge 
Along the oxygen K-edge (transitions from occupied O 1s core states to 
conduction band states of O 2p-V 3d hybridized orbitals, Figure 4.4b), [142] the 
nanoparticle π* (V3d-t2g hybridized) peak is downshifted by 0.3  eV compared to the 
bulk. [131, 142] This shift is in qualitative agreement with the previous XAS study on 
VO2 nanoparticles, which demonstrated a 0.1  eV redshift in this peak edge relative to the 
bulk sample. [86] Ishiwata et al.’s measurements were taken in a bulk sensitive 
fluorescence mode, so it follows that more dramatic surface effects would be seen here 
from surface-sensitive TEY measurements. This redshift was attributed to elongated V-O 
bond distances reducing the extent of eg
π and O 2p π bonding via reduction in orbital 
overlap, and prompting less bonding/ antibonding energetic displacement. This increase 
in minimum V-O bond length was caused by lesser octahedral distortion in the 
monoclinic nanoparticle sample relative to the bulk, which stemmed from less dramatic 
(longer distanced) V-V dimer pairs in the nanoparticle sample. This structural change 
also ultimately promoted more metallic behavior (a shrunken band gap) in the 
nanoparticles. The shift in this peak to a lower energy here thus likely also indicates a 
reduction in orbital overlap between states from the π-bonding V 3d orbitals (dxy, dyz) and 
O2p oxygen ligands, and less dramatic (lengthened) V-V dimer formation.  




as vanadium oxides are reduced. In light of the V L-edge XAS results, the more dramatic 
shift seen here in surface-sensitive mode could also indicate an added contribution from 
defect electron donation or a reduced, V2O3-like surface state.[69]  
 
1.21.2 b. XES/RIXS 
 
Figure 4.6- Vanadium L-edge XES Spectra of bulk and nanoparticle VO2 below the 
structural transition temperature at room temperature. Inset: excitation energy XAS scan. 
(Note that the scans are normalized to the highest peak in the scan, which was not always 





V-L Edge  
The vanadium L-edge XES spectra are shown in Figure 4.6. Scans A and B are 
pre-resonant, and dominated by RIXS features which are discussed in a later section. In 
resonant scans C and D, the dominant features are emission features, mapping out the 
occupied vanadium 3d PDOS in the valence band by emissive decay from V 3d valence 
band states to the V 2p1/2 and V 2p3/2 spin-orbit split core holes. [126] The peak at 515  
eV represents emission from pure V 3d states, while the peak at 510  eV represents 
emission from V 3d states that have hybridized with O 2p states. The existence of both 
prominent features exemplifies the strong hybridization between V 3d and O 2p states in 
the compound. [92] The shift in spectral weight distribution within these two peaks 
between bulk and nanoparticle samples is clear in both scans C and D. The nanoparticles 
consistently show both less intensity in the O 2p hybridized region relative to the bulk, 
and (especially in the case of scan C) enhanced spectral weight in the pure V 3d state 
region relative to the hybrid peak. Scan C also displays a noticeable downshift in the 
position of the V 3d-O 2p hybrid peak in the nanoparticle sample by 0.7 eV. (These 
changes are less obvious in Scan D without renormalization to the hybrid peak, but this 
resonance is of less importance as it has been known to be obfuscated by additional 
broadening effects.)[143] 
Both the increase in V 3d state peak intensity relative to the hybrid V 3d-O 2p 
peak and downshift in V 3d-O 2p hybrid peak position seen in the nanoparticulate sample 
in Scan C have been previously attributed to increased V 3d band filling and increased 




interpretation is also in alignment with the aforementioned XAS data and again points to 
enhanced nanoparticle metallicity, as V2O3 is metallic at room temperature.  
Reduced net intensity in the nanoparticle V 3d-O 2p hybridization peak compared 
to the bulk also implies a longer average V-O bond distance and decreased V 3d-O 2p 
wave function overlap. [126] As mentioned above, the previous synchrotron XRPD study 
[86] on VO2 nanoparticles also suggested an increase in the shortest V-O bond distance in 
VO2 nanoparticles relative to the bulk at room temperature, [86] The extension in shortest 
V-O bond distance was attributed to less dramatic octahedral deformation in the 
nanoparticle sample from vanadium displacement perpendicular to the cR axis that 
accompanies V-V dimer formation. (See Figure 4.7.) This increase is also in line with 
Ishiwata et al.’s observation of less pronounced (distanced) dimer formation in VO2 
nanoparticles, with further distanced V-V pairs. The XES data complements the metallic 
XAS results as well, as increasing VO2 dimer distance (and thus also, shortest V-O bond 






Figure 4.7- Octahedral distortion in VO2 that accompanies dimer formation illustrating 




Figure 4.8- Pre-edge RIXS excitations (scans A and B) plotted on an energy loss scale at 






Room temperature scans A and B are dominated by RIXS features, which are 
plotted on an energy loss scale in Figure 4.8. The most prominent feature in both scans 
appears at roughly -7 eV energy loss in both bulk and nanoparticle data sets, and can be 
attributed to a charge transfer excitation. [86, 132] A dipole-forbidden d-d transition 
(dII→ π*) is also expected around -1  eV energy loss, and observed to onset in scan B at – 
1.1  eV for the bulk and -0.9  eV for the nano. (This peak isn’t seen in the nanoparticle 
scan A, because it is likely obscured by the strong intensity of the elastic peak relative to 
the bulk.) The broadness in this peak (and in the case of the bulk, distinct visible fine 
structure) in both samples implies more than one type of d-d excitation. [132, 133]  
The fine structure triplet newly apparent in the bulk (particularly in scan B) 
precisely indicates individual d-d excitations that are less delineated in the nano sample 
spectrum. The extra two bulk d-d- fine structure peaks at -1.5 eV and -1.9 eV are 
comparable in value to those proposed by Braichovich et al. [133] which span up to the 
d||→d||* transition and incorporate two separate d||→π* excitations. The highest of the d-d 
transitions (d||→σ*) would be expected to occur at least ~3eV above the d|| →π* 
transition, based on the crystal field splitting values between unoccupied  π* and σ* 
peaks deduced from the O-K edge XAS. (This data is not shown, but is in line with 
previously reported values. [131, 142]). Thus, it is unlikely that this peak is represented 
here. It is also possible that some of these d-d transitions represent additional 
intermediate d states that have been proposed to arise from correlation effects. (e.g. d||
b*, 




to fully understand the exact nature of these peaks.  
The 0.2 eV downshift in scan B of the smallest (d||→π*) d-d peak position in the 
nanoparticle sample relative to the bulk is in line with the previous study [86], indicating 
a 0.2 eV shrink in the fundamental bandgap transition from d|| (a1g) to π* (eg
π) states. [86] 
This shrink in bandgap also demonstrates the nanoparticles’ enhanced metallicity. 
 The fine structure features in the d-d excitation region (-1 to -2 eV) of the 
nanoparticle sample are also broader and less well pronounced in the nanoparticles than 
in the bulk. In monoclinic VO2, the role of electron correlation and localization has been 
identified as the chief factor in governing the intensity of RIXS d-d excitations. [92] 
RIXS signals tend to be weaker in metals than insulators [92], where electrons are more 
delocalized. Increased intensity of RIXS features on the other hand is attributed to 
correlation effects from strong V 3d electron localization. [144]  This reasoning may 
explain why the nanoparticles’ RIXS features are less well delineated, even in spite of a 
higher net signal intensity (higher elastic peak). Given their more metallic character, it 
follows that the nanoparticles would have more delocalized d electrons, and thus, weaker 
and broader d-d RIXS signals that are harder to discern.  It also follows that the narrowed 
V-V dimer distance in the bulk sample relative to the nanoparticles would increase 
localized d-d correlation and further enhance the subtle d-d fine structure features not as 
easily discernable in the nanoparticle spectra. In addition, an increased  proportion of 
surface area in the nanoparticle sample would mean a larger percentage of V atoms have 
no neighbor to dimerize with, eliminating repulsive correlation effects from the second  




nanoparticles relative to the bulk at room temperature has been previously reported. [86] 
 
 
Figure 4.9- O-K edge XES spectra of bulk and nanoparticle VO2 below the structural 
phase transition at room temperature. Inset: excitation energy XAS scan. (Note that all 




O-K Edge  
Figure 4.9 shows the O Kα emission spectra produced when the O-K edge (O 1s) 
core states are each resonantly excited into unoccupied conduction bands indicated in the 
XAS inset.  This emission reveals the O 2p-specific PDOS. Additionally, the scan 
labelled “NR” is non-resonant, excited well above the resonant energies of conduction 
band features, and reveals the net density of valence band states from all elements. The 
overall spectral shapes are in line with previous results. [92] In both samples,  the three 
portions in the main “wing” of the valence band below 530 eV are distinguished by their 
unique orbital bonding contributions. The lower-most shoulder around 522.5 eV (about 8 
eV below the Fermi level) is due to σsp bonding bands, the most prominent peak (about 6 
eV below the Fermi level) is due to σpd bonding bands, and the upper knee about 4 eV 
below the Fermi level is due to πpd bonding states. Above 530 eV the non-bonding d|| V 
3d states are most proximate to the Fermi level. This latter contribution is visible only in 
the non-resonant scan and not in the O 2p PDOS. [128] (These assignments are 
highlighted in Figure 4.10).  
The differences between the bulk and nanoparticle band structures in Figure 4.9 
are very striking. In all oxygen-resonant scans, it is apparent that the dominant peak (σpd 
band) of the nanoparticle PDOS upshifts by a dramatic ~0.8 eV (ranging from 0.7-1 eV) 
compared to the bulk sample, along with having higher relative spectral weight in the 
knee right below the Fermi level. The main portion of the band is also dramatically 
broadened in the nanoparticle sample, especially in the Scan E (π*-hybridized) 




wing-shaped band structure in the σsp bonding bands between 520 eV and 525 eV. The 
nanoparticle sample also displays slightly higher spectral weight within a broad doublet 
at 515 eV, and very subtly enhanced relative spectral weight above the main structure 
above 530 eV in the integrated scan. This latter component is better visualized in Figure 
4.10.  
The increase in σpd peak position (and also somewhat in the πpd region) implies 
again dramatically less V3d-O2p overlap in the nanoparticle sample, stemming from 
increased σ V-O bond distance. The extended distance results in less 
bonding/antibonding interaction, which increases the energy of the bonding band towards 
the Fermi level. This net upshift is also aided by consistently stronger nanoparticle 
spectral weight in the knee region just below 530 eV. 
The broadening and smoothing observed on the low energy side of the valence 
band, along with increased spectral weight in the lower valence band is very similar to 
that observed in V2O5 in response to x-ray and electron beam bombardment, which 
served to reduce the sample by introducing oxygen vacancy defects. [66] Valence band 
XPS measurements on V2O3 (V
3+) and VO2 (V
4+) have also demonstrated a relative 
increase in spectral weight in the lower valence band region around 8eV below the fermi 
level (σsp region) in V2O3 compared to VO2. [2, 94] Even though these trends were 
limited to the holistic valence band DOS, it follows that these changes in the  O-PDOS 
contribution could be similarly explained. Thus, this feature of the nanoparticle valence 
band could also be attributed to partial reduction from increased oxygen vacancies in the 




hybridization within the pure O2p states [126] or a wider diversity of electronic oxygen 
environments as a result of defect formation or surface rearrangements in some regions 
but not others.  
In addition to defect and surface effects, the anticipated longer dimers [86] in the 
nanoparticles may also play a role in the broadening of the O2p states. The O-K edge 
PDOS of VO2 thin films strained to expand along the V-V dimerization axis were also 
found to broaden towards the Fermi level [126], due to resulting changes in O2p 
hybridization extent. (However, this thin film was believed to have increased orbital 
overlap and increased V3d-O2p hybridization that was attributed to compensatory 
compressive strain along an axis perpendicular to the expansion, whereas here one sees 
otherwise continued evidence of reduced V-O overlap.) 
The subtle increase seen in pure d|| V 3d state populations in the nanoparticle 
sample also supports their enhanced metallic nature, as it increases the population of 
electrons closest to the Fermi level and contributes to a narrower band gap.  
The nanoparticle sample also displays slightly higher spectral weight within a 
broad doublet at 515 eV, but this is just spectator emission from the vanadium L edge.  
Higher intensity does not necessarily speak to higher V 3d-O2p hybridization in the 












1.21.3 c. XPS 
 
Figure 4.11- Bulk and nanoparticle VO2 XPS taken at room temperature. a) Valence 
band. b) O 1s and V 2p core states. c) V 3s core states with V 3p satellite d) O 2s core 
state 
 
Figure 4.11 shows valence band and core XPS spectra of both bulk and 






Valence Band  
Figure 4.11a shows the valence band, and mirrors the same trends observed in the 
integrated XES in Figure 4.10. The three regions of the main structure in Figure 4.11a are 
still apparent and can be broken down into the same contributions (πpd states at ~4 eV, σpd 
states at ~6 eV, and σsp states at ~8 eV). The small feature around 2 eV (much more 
prominent here than in the integrated XES) is predominantly of V3d (d||) character. [128] 
 Again, the valence band of the nanoparticle sample is prominently upshifted and 
broadened towards the Fermi level relative to the bulk. The center of the dominant 
valence band peak upshifts by roughly 0.3 eV, while the leading edge is upshifted by 0.4 
eV. Differences in the exact extent of upshift between XPS and XES data may be 
accounted for by different extents of sample penetration depth, with XPS being more 
surface sensitive and XES more bulk. The difference in penetration depths explains the 
dramatically enhanced sensitivity of XPS to electrons in defect nanoparticle d|| states, 
which are more likely to be found on the surface. As the nanoparticle shift in the 
prominent central peak has been attributed to reduced σpd bonding overlap, it also follows 
that the effects of this would less pronounced in a more surface sensitive method with an 
increased proportion of non-bonded states. 
A 0.3 eV upshift in the 2 eV d|| V 3d peak is now also apparent in the nanoparticle 
sample, (See Figure 4.12) which continues to demonstrate an enhanced metallic nature in 
the nanoparticles. A comparable (0.2 eV) upshift is observed in the transition to the 




splitting into lower d||* and upper d||
1 states. [128] The VO2 metallic phase has also been 
shown to reduce the intensity of this peak, [148] likely from redistribution of electrons 
between two new bands, though that was not observed here as there is a continued 
surplus of defect electrons. V2O3 also has the widest of the V 3d peaks in this region 
amongst the binary vanadium oxides indicating its 3d2 electron configuration which 
extends beyond the Fermi level to promote metallic behavior. [94] 
 
Figure 4.12- Valence band XPS Zoom to Fermi level 
 
V2p Core States 
Figure 4.11b shows the O 1s (~530 eV) and spin-orbit split V2p orbitals (V2p1/2~ 
525 eV, V2p3/2 ~518 eV). The most prominent difference is the shoulder on the 




peak in the nanoparticulate sample is also upshifted by 0.3 eV towards the Fermi level, as 
is the V 2p1/2 peak by 0.7 eV. The O1s peak is also upshifted (to lower absolute binding 
energy) in the nanoparticle sample by 0.2 eV, and the bulk O 1s peak displays a 
prominent shoulder feature around 533 eV not seen in the nanoparticulate sample.  
Both shifting to a lower binding energy and broadening have previously been 
observed in the V 2p peaks when vanadium atoms are reduced. [94] These changes have 
been attributed to an increasing concentration of oxygen vacancy defects, [66, 94] 
generally mixed valence states, and stronger core-hole interaction effects. [94] The 
precise upshift observed here in the prominent nanoparticle peak (0.3 eV) is not quite as 
dramatic as the 0.7-1 eV expected between different pure oxidation states of vanadium 
oxides, [94, 148] and is comparable to what was observed when a V2O5 surface was 
reduced via ion bombardment. [66] Thus, the shift is likely the result of defect effects. 
The development and position of the new shoulder at precisely 1 eV lower binding 
energy however, indicates a strong contribution from a V2O3-like electronic surface state 
in the nanoparticle sample. (The XRPD data in Figure 4.2 revealed no structural 
impurities for the VO2 nanoparticles.) 
 
O1s Core State 
The much less dramatic change in the O 1s peak between bulk and nanoparticle 
sample (seen also in Figure 4.11b to the far left) is  not surprising, as only negligible 




position. [66] However, a prominent shoulder satellite at 533.8 eV appears at in the bulk 
sample that is clearly missing in the nanoparticle scan. 
There are two potential explanations for the shoulder satellite apparent in bulk 
VO2 but not nanoparticulate VO2. One may be carbonaceous surface contamination. 
[149]  However, a wider survey scan of both samples revealed no other traces of carbon 
contamination, save the minute, universal adventitious carbon seen in both samples. This 
peak signal was not stronger in the bulk sample than in the nano, nor did its shape 
indicate any different kind of carbon bonding relative to the nanoparticulate sample. The  
most likely explanation is a satellite feature that has been previously predicted in 
simulated VO2 XPS spectra, and that is often seen in conjunction with an additional 
satellite peak on the high binding energy side of the central V 2p1/2 peak. [2] (The fact 
that the bulk V 2p1/2 peak is more asymmetrical than in the nanoparticle sample may 
further support this interpretation.) Enhanced electron correlation effects in the bulk (as 
opposed to more metallic nanoparticle) VO2 samples is  in line with the RIXS 
observations. Similar changes in the V2O5 O 1s peak shoulder were also attributed to 
correlation enhancement (or lack thereof) in the previous chapter.  
 
V3s and O2s Core States 
Figure 4.11c shows the V 3s orbitals, where the nanoparticle sample is again 
upshifted dramatically to a lower binding energy by 1.4 eV. The nanoparticle sample also 




nanoparticulate V3s peak again can be interpreted in the context of enhanced metallicity 
of the nanoparticle sample, as this peak has been known to shift to lower binding energies 
between VO2 and pure metallic vanadium.[150] 
While previous studies on VO2 and V2O3 have identified a V 3s charge transfer 
satellite around 80-85 eV due to exchange splitting [9] that becomes more prominent 
upon decreased oxidation state and increased 3d occupation, [2] this feature was not 
observed here in either sample.  Instead, the satellite feature observed is on the opposite 
side of the V3s peak between 50 and 60 eV.  This feature is actually a V 3p satellite peak, 
that slightly increases its binding energy with lowering vanadium oxidation state. [2] This 
assignments is consistent with its upshifted position in the more metallic nanoparticulate 
sample.   
Figure 4.11d shows the O 2s peak. [97] Changes in maximum peak position here 
between the bulk and nanoparticle samples are negligible, though the nanoparticle’s 
slightly more prominent tail towards lower binding energies in is in line with previous 




1.22 IV. Effect on the MIT 
1.22.1 a. XAS 
 
 
Figure 4.13- Visualizing the MIT in VO2 nanoparticles via XAS a) Vanadium L-edge of 
VO2 nanoparticles above (90°C) and below (RT) the structural transition temperature. b) 
Comparison of oxygen K-edge between bulk and nanoparticle VO2 above and below the 
structural transition temperature. c) High-resolution oxygen K-edge of VO2 






Changes in the oxygen K-edge XAS spectra (as seen in Figure 4.13b) are the most 
widely used indicator of the electronic phase transition in VO2. In both bulk and thin film 
VO2, cR-axis polarized measurements of the monoclinic (room temperature) phase have 
revealed a peak indicating a dimer-split, unoccupied upper d|| (a1g) orbital in the 
conduction band pushed higher due to electron-electron repulsion interactions, typically 
0.7-1 eV above the π*peak. [121, 125, 131] Accordingly, thin film samples that have 
been strained to change the V-V distance have demonstrated changes in the position and 
intensity of this peak, where enhanced dimer overlap leads to a more intense peak at 
higher energies and vice versa. [126] At high temperatures, this peak becomes 
suppressed, owing both to the partial filling of the band and its downshift towards almost 
complete overlap with the π* band. [131] This change is most commonly observed in 
XAS as a 0.2 eV downshift in the leading edge of the π* peak. Though the π* states 
themselves are relatively non-bonding, a smaller 0.1 eV shift in these states in the higher 
temperature phase is also observed. [131, 135] Even in non-polarized measurements such 
as these, the narrowing of the π*/d|| hybrid peak in response to dimer suppression can also 
often be observed to indicate the MIT transition. [131] Additionally, a small shift 
downward in the σ* band by about 0.2 eV is often observed in the metallic phase, and 
reflects weaker electron-lattice interactions. [131] 
Figure 4.13b displays temperature dependent changes across the leading oxygen 
K-edge (renormalized to the O-K edge local maxima) in both bulk and nanoparticle 




temperatures, the bulk sample shifts down by 0.2 eV in the high temperature phase. The 
nanoparticle sample does however display a noticeable drop in spectral weight in the 
~530 eV region in the high temperature phase. These results are mirrored in Figure 12c, 
which shows a higher resolution, temperature-dependent XAS scan of the nanoparticles 
across the entire O-K edge. The height-normalized nanoparticle scan does not display a 
shift in leading edge or 529.4 eV peak maxima. The scan does however clearly display a 
narrowing of this peak via reduction of spectral weight in the 530-530.5 eV region, along 
with a down shift in the σ* peak (~532 eV) by 0.1 eV in the high- temperature phase. 
In this case, the 0.2 eV downshift to indicate dimer elimination is clear in the bulk 
sample, but the change is not apparent in the nanoparticles. While the narrowing of the 
nanoparticle π* peak and downshift in the nanoparticle σ* peak are readily apparent, the 
lead edge does not observably move. These observations are in line with some previous 
work on VO2 nanostructures. A previous temperature-varied XAS study on VO2 
nanoparticles also revealed a less dramatic (but not entirely eliminated) π* edge shift in 
the nanoparticle samples relative to the bulk upon heating. This smaller net change 
(between high and low temperature phases) was due to a 0.1 eV shift in the nanoparticle 
π* edge in the room temperature monoclinic phase, but equivalent π* edge positions in 
both bulk and nano samples in the high temperature phase. [86] This caused the shift in 
the nanoparticulate sample to become less pronounced at higher temperature. VO2 thin 
films strained to be elongated along the cR axis also showed a shift their leading π* peak 
edge less dramatically than those strained to compress the axis upon achieving the 




126] Finally, very highly strained thin films (also expanding the dimer axis) were able to 
demonstrate a purely electronic transition with no observed structural dimerization. This 
difference presented in the XAS spectra as only weak 0.1 eV downshift in π* lead edge at 
the very limit of instrumental resolution with no peak narrowing. [15] While in Figure 
4.13c, the reduction of spectral weight in the d|| region is clear, still indicating a shift in 
the electronic structure, the less dramatic change to achieve the metallic high-temperature 
phase underlies the enhanced metallic character in the nanoparticle sample. 
  
V-L edge 
Figure 4.13a displays temperature-dependent changes in the vanadium L-edge of 
the nanoparticle XAS spectra, both above and below the structural phase transition 
temperature. Both peaks’ maxima shift upward by 0.4 eV in the high temperature phase, 
whereas the same bulk XAS measurement (not shown) revealed no changes in peak 
position. The lead edge shoulder around 515 eV is still apparent in both temperature 
phases, similar to bulk observations. [34]  
This shift implies a raising of the unoccupied V 3d states of the conduction band 
above the structural phase transition temperature. Unlike the changes observed in the O-
K edge, this shift is less anticipated. While changes in V-L edge peak position across the 
MIT have been well documented for both bulk VO2 [34] and VO2 thin films, [121, 126, 
128] the peaks typically move to lower photon energies upon heating by 0.2-0.55 eV, 




smaller shift was attributed to a shoulder peak near the 2p3/2 maxima that gained intensity 
in the metallic phase. In thin films, the shift in the V L edge was usually discussed in the 
context of changes to thin film texture and crystal structure deformation during thermal 
cycling. Some of these changes were most pronounced in the first heating cycle, which is 
indeed visualized here. [121] While shifts in the vanadium L edge peak positions are 
usually interpreted In terms of vanadium oxidation state, it would be impossible for the 
sample to have oxidized upon heating in an ultra-high-vacuum environment. The new 
and dramatic changes in these peaks thus indicate a pronounced but still unidentified 
change in the vanadium electrostatic environment above the structural phase transition.  
The novelty of both of these XAS results, coupled with surface sensitivity of XAS 
in TEY mode (as opposed to the more traditional results obtained upon heating from 
bulk-sensitive powder XRD and XES) further hint at the existence of a unique surface 





1.22.2 b. XES 
 
V-L edge XES 
 
Figure 4.14- Vanadium L-edge XES Spectra of Bulk VO2 above (red) and below (blue) 
the transition temperature. (All scans except D are normalized to the hybrid V3d-O2p 
peak around 510 eV).  Inset: excitation energy XAS scan 
 
Figure 4.14 displays the bulk VO2 sample both above (90°C) and below (room 
temperature) the structural phase transition temperature. The structural effects of the 
electronic transition on the V-L edge XES spectra are subtle but well known and can be 
seen here, particularly in V2p3/2 resonance scan (scan C). [15] The higher spectral weight 




the stronger contribution and from the pure V 3d states in the metallic phase. [34, 126] 
The broadening and energetic downshift of this peak in the metallic phase has also been 
observed [34] and can be seen here as well. Generally, it is assumed that the V 3d band 
population is constant across the transition, so the change in spectral weight of the V3d 
peak relative to the hybridized V 3d-O 2p peak is interpreted as a decrease in V 3d-O 2p 
hybridization upon entering metallic state. [34, 126] (Note that scan C is normalized to 
the V 3d-O 2p hybrid peak, so the apparent equivalent intensity may be artificial). In the 
monoclinic phase, the smaller nearest-neighbor V-O bond distance is reduced by 
dimerization and VO6 octahedral distortion [15] (as demonstrated in Figure 4.7) and 
increases the overlap of V 3d-O 2p wave functions, which become distanced in the 
metallic phase. Similar changes have also been observed in response to dopants and 
attributed to the resulting changes in lattice parameter spacing. [126] 
The 0.5 eV downshift in the high-temperature V 3d-O 2p hybrid peak also 
indicates the transition to the metal state, and has also been previously observed both in 
the metallic phase of pure VO2 and in response to doping. [34] 
The key changes observed across the transition to the metallic phase, the 
downshift in hybrid peak position and increased relative spectral weight of the pure V 3d 
states relative to the V 3d-O 2p hybrid peak, are the same kinds of changes observed 
when comparing the bulk VO2 to the nanoparticle sample, further underlying their 






Figure 4.15- Vanadium L-edge XES Spectra of nanoparticle VO2 above (red, 90°C) and 
below (blue, room temperature) the transition temperature. Inset: excitation energy XAS 
scan 
 
Figure 4.15 maps out the vanadium L-edge-resonant XES spectra of the 
nanoparticle sample both above and below the structural phase transition temperature. In 
order to compare this behavior to the bulk and better observe the effects of the metal-
insulator transition, the V 2p3/2 resonant scans were normalized to the O 2p-V 3d hybrid 
peak [126] and presented with the bulk sample measurements in Figure 4.16. The 




high-temperature nanoparticles as well, also producing a ~1 eV downshift of the hybrid 
peak in the metal phase along with an increase in spectral weight and slight upshift in the 
pure V 3d states. It is very interesting to note that the traditional electronic effects of the 
structural phase transition in the nanoparticle sample are still observed, even in spite of 
their already highly metallic nature and relatively lengthened dimers.  
  
 
Figure 4.16- V2p3/2 Resonant (Scan C, 517.2 eV) XES for all samples above (90°C) and 
below (room temperature) the structural transition temperature, normalized to the V 3d-







1.23 V. Comparison Above the Structural Transition Temperature 
 
1.23.1 a. XAS  
 
Figure 4.17- Bulk and nanoparticle VO2 XAS comparison above the structural transition 
temperature. (90°C) a) Vanadium L-Edge. b) Oxygen K-edge. 
 
Comparing nanoparticle and bulk samples in the high-temperature phase also 
illuminates traits inherent to nanostructuring in both phases. The vanadium L-edge XAS 
of both samples at high temperature is displayed in Figure 4.17a. The dramatic upward 
shift in V L-edge peak maxima displayed by the nanoparticles as they enter the metallic 
phase has now completely eliminated the differences in peak position from the bulk band 
structure. While the shift in peak maxima in the monoclinic phase between bulk and 
nanoparticle samples was attributed to increased oxygen vacancies and a predominant 
V3+-like electronic surface state, the metallic phase seems to have greatly eliminated the 




samples. It would be impossible for the nanoparticles to have oxidized in response to heat 
in an ultra-high vacuum environment (as described in chapter two).  Alternatively, more 
isotropic orbital occupation is observed in the higher temperature VO2 phase. [134] This 
might render changes in the local vanadium environment caused by nanostructuring  less 
pronounced, and explain the similarity at high temperatures 
However, other changes between the samples are still apparent. The enhanced 
spectral weight in the central feature at 520.4 eV as well as the enhanced spectral weight 
and 0.3 eV downshift in leading LIII edge are still apparent in the nanoparticle sample and 
not in the bulk. The enhanced central feature still points to elements of a V2O3-like 
surface state in the high temperature phase, and reinforces that the shifts observed in the 
prominent nanoparticle V L-edge peaks at high temperature were not due to oxidation. 
The retention of the 0.3 eV downshift in the leading LIII edge and higher spectral weight 
in the shoulder region speak to continuing higher crystallinity of the nanoparticle sample, 
or continuing surface-specific states not seen in the bulk.  
 
O-K Edge 
Figure 4.17b shows the normalized π* peak of the oxygen K-edge XAS of both samples 
at high temperature, where a 0.2 eV downshift is still apparent in the nanoparticulate 
sample. This shift is 0.1ev less dramatic than the difference observed in the monoclinic 
phase. The consistent shift in the metallic phase implies that V-O bond distances may 




lesser extent than in the monoclinic, as they are expected to elongate in the high-
temperature bulk phase as well. However, this result is in contrast with the identical lead 
edge position observed in the metallic phase for both bulk and nanoparticles by Ishiwata 
et al. which was also supported by synchrotron XRD. [86]  
Ultimately in both cases (V L-edge and O K-edge), the enhanced similarity 
between nanoparticle and bulk samples in the metallic phase as opposed to the 
monoclinic further underscores the fact that nanoparticles have an inherently metallic 





1.23.2 b. XES 
 
V-L Edge XES 
 
Figure 4.18- Vanadium L-edge XES spectra of bulk and nano VO2 above the transition 
temperature. Inset: excitation energy XAS scan. (Note that the scans are normalized to 
the highest peak in the scan, which was not always the same peak and may not be visible 
in the scan region displayed.) 
 
Figure 4.18 displays the V-L edge XES spectra of both samples at high 
temperature. This comparison between bulk and nanoparticle spectra is essentially 




and less intense nanoparticle V 3d- O 2p hybrid peak and more spectral weight in the 
nanoparticle V 3d region. The continued lessening of intensity in the V 3d -O 2p hybrid 
peak relative to the bulk implies continuing longer nearest-neighbor V-O bond distances 
and reduced V 3d- O 2p orbital hybridization and overlap in the nanoparticle sample even 
above the structural phase transition. This is consistent with the high temperature O-K 
edge XAS results demonstrated in Figure 4.17b..  
Comparing both samples’ V-L edge emission at high temperature after O-K edge 
normalization (as done in Figure 4.16) also shows that the extent of the changes apparent 
at room temperature continues even in the high-temperature phase. That is, the 
nanoparticles continue to show a relatively higher proportion of pure V 3d states and an 
even more downshifted O2p-V3d hybrid peak relative to the bulk. These consistent 
changes imply continued increased metallicity in the nanoparticle sample even at high 






Figure 4.19- Oxygen K-edge XES spectra of bulk and nano VO2 above the structural 
transition temperature (90°C). Inset: excitation energy XAS scan. 
  
O-K Edge 
Figure 4.18 displays a comparison of the O-K edge probed densities of states (O 
2p pDOS) of both bulk and nanoparticulate VO2 samples in the high-temperature phase. 
There is a consistent upshift of 0.7 eV in the main peak of the nanoparticle valence band 
oxygen pDOS and net valence band, with up to a 1 eV shift in the scan E resonance 
contribution. The broadening and increased spectral weight in the lower-energy end of 




extent, as does the increased intensity in the ~529 eV knee on the main structure. These 
results indicate again that the traits observed in the nanoparticle monoclinic phase relative 
to the bulk (increased defect presence, longer minimal V-O bond distance) also continue 
into the metallic state. The fact that shifts seen here due to V-O distancing are also 
slightly (0.1 eV) less dramatic than they were at room temperature is in alignment with 
the XAS results, and continues to indicate relatively lengthened V-O bond distances even 
at high temperature, even if to a slightly lesser extent. As this is in direct conflict with the 
observations of Ishiwata et al., [86] synchrotron XRD measurements are suggested to 
investigate this further. 
1.24  
1.25 VI. Conclusions 
 
X-ray spectroscopy was used to extensively analyze the effect of nanostructuring 
on the band structure of VO2 nanoparticles, both above and below the structural phase 
transition temperature. In the low-temperature, monoclinic phase, XAS and XPS studies 
both reveal the nanoparticles to have significant contributions from V3+ -like electronic 
states, attributed to increased oxygen defect vacancies at the nanoparticle surfaces and/or 
a V2O3-like surface reconstruction. XES of the vanadium pDOS shows the nanoparticles 
to have increased presence of pure V3d electrons relative to O2p-V3d hybrid states, again 
demonstrating their enhanced metallicity. The nanoparticle V3d-O2p hybrid states were 
also found to be downshifted in energy, mirroring the change seen in metallic-phase rutile 
VO2. XES of the oxygen pDOS and the integrated valence band XES reveal many 




vanadium oxide systems. These differences were further supported by valence band XPS 
measurements. Throughout the analysis, there is also consistent continued evidence of 
elongated V-O and V-V distances in the nanoparticles relative to the bulk. Finally, in line 
with anticipated lengthened nanoparticle V-V bond distances, there is also modest 
evidence (via RIXS and XPS) of reduced electron correlation effects in the nanoparticle 
sample.  
Across the structural phase transition, the unoccupied vanadium L-edge 
conduction band states of the nanoparticles upshift dramatically, while the unoccupied π* 
states in the nanoparticle sample, that would typically indicate the electronic phase 
transition do not downshift as in the bulk.  Other changes in electronic conduction band 
structure that still indicate the metal insulator transition however are still evidenced in the 
nanoparticle sample by the narrowing of the nanoparticle π* peak and accompanying 
downshift in σ* states. The vanadium PDOS reveals that the same relative changes 
anticipated in the metallic phase for bulk VO2 are also seen in the nanoparticle sample. 
At high temperature above the structural phase transition, XAS indicates that the 
dramatic downshift in V-L edge unoccupied states observed in the monoclinic 
nanoparticles relative to the bulk is entirely eliminated. Otherwise, the same changes 
between the bulk and nanoparticle band structures seen in the low-temperature phase 
continue to be evident. XES on the vanadium PDOS demonstrates persisting enhanced V 
3d populations compared to the metal bulk phase, and the oxygen PDOS continue to 
show dramatic changes associated with defect formation. V-O bond distances continue to 




Enhanced metallicity via a V3+-like surface state in the nanoparticle sample is in 
line with much previous research. The previous synchrotron study on VO2 nanoparticles 
indicated a shrunken band gap relative to the bulk along with elongated V-V and V-O 
distances, [86] which are both characteristic of the metallic phase. Unpaired V4+ spins 
(such as those on the surface that lack another vanadium with which to dimerize) are 
known to create gap states that further shrink the bandgap. [146] Additionally, 
computational studies on V-O disordered, oxygen-lacking grain boundaries within VO2 
thin films pointed to the likelihood of a locally semi-metallic phase with a shrunken 
bandgap at the similarly oxygen-deficient interface. [146] Finally, vanadia depositions in 
a variety of different conditions have been known to form V2O3-like surfaces. [151] 
When sub-monolayer depositions of vanadium oxide were deposited on metal surface, 
they formed an interface-stabilized phase with formal V3+ stoichiometry referred to as 
“surface V2O3”. [152] A similar type of relaxation may be occurring here on the 
nanoparticle surfaces. 
The existence of a surface-specific reduction in the nanoparticle sample (be it 
from reconstruction, surface-prevalent defects, or both) is also evident by considering the 
level of surface sensitivity of the spectroscopy methods used. The bulk-sensitive RIXS 
measurements on the monoclinic phase reveal a shrunken fundamental (d-d) band gap in 
the nanoparticle sample by 0.2 eV relative to the bulk. However, more surface-sensitive 
methods (TEY XAS and valence band XPS) show a 0.3 eV upshift of the valence band 
upper states in conjunction with a 0.3 eV downshift of the unoccupied π* states, implying 




eliminated completely. The latter is especially likely in light of the XPS data, as an 
additional 0.2 eV would be lost due to raised nanoparticle O 1s core states, which would 
further reduce the O-K edge XAS net transition energy. Valence band XPS in proximity 
to the Fermi level also revealed higher proximate V3d electron populations that might 
easily spillover to close the gap. 
The fact that the traditional effects of the electronic phase transition are 
identically replicated in bulk-sensitive nanoparticle XES, but only partially in surface-
sensitive nanoparticle TEY XAS could also be explained by a partially transition-
suppressed reduced state localized to the nanoparticle surface. The new and unexpected 
temperature-induced changes seen in the nanoparticles along the V-L edge in the TEY 
XAS would also point to a unique surface state.1 Indeed, recent LEEM and DFT studies 
also show a suppression of the bulk structural phase transition at the surfaces of VO2 thin 
films due to surface reconstruction towards a non d1 state. [153] (Although in that case, 
the reconstruction approached a d0 nature.) The reduced net amount of heat energy 
exerted per unit mass in order to execute the structural phase transition in the 
nanoparticles (~11 W/g less based on peak integration, as seen in the DSC data in Figure 
4.4) may also be explained by this hypothesis, either as an increased proportion of the 
mass that does not undergo a transition on the surface, or as a transition-enabling metallic 
                                                          
1 NB- Temperature-varied, bulk-sensitive nanoparticle TFY XAS measurements over the 
transition (not shown due to lower data quality) were consistent with the surface- 
sensitive TEY data. While the bulk-sensitive TFY XAS method might be expected to 
differ with the surface-sensitive TEY data based on this argument, it’s possible that the 
higher surface area of the nanoparticle sample alone was also able to affect the bulk-




surface state that reduces the energetic barrier of the transformation.  
If one considers the presence of oxygen vacancy defects as electron-donating 
dopants, then increased nanoparticle metallicity could be predicted via an increase in n 
(electron carrier density) in the Mott-Hubbard model.[1, 13]The increased electron -
correlation interactions that usually explain the upshift in occupied states that accompany 
the metallic transition also may partially explain the upshift in nanoparticle d|| states 
adjacent to the Fermi level seen in the XPS. (Indeed, higher populations in these d|| states 
are observed in the nanoparticle sample.) However, the VO2 nanoparticles were found 
have less overall electron-electron correlation in the monoclinic phase in the d states 
relative to the bulk, (due to RIXS and XPS measurements) in line with their more 
metallic nature and likely also due to elongated V-V dimers and an increased amount of 
unpaired V surface states. While the existence of metallic monoclinic phases is usually 
taken as further evidence for the Mott-Hubbard mechanism [1, 4] in explaining the VO2  
metal insulator transition, the metallic nature of the VO2 nanoparticles studied here may 
point to a more complex role of electron correlation effects in VO2 systems.  
From a Peierls perspective, it is remarkable that so many of the traditional aspects 
of the structural phase transition are still observed in the nanoparticle sample even in 
spite of their dramatically enhanced metallicity and d electron presence at room 
temperature. Similar to other studies on VO2 nanoparticles [21, 22], this may further 








Figure 5.1- high-resolution XAS on the V-L edge reveals an oxidized surface passivation 
layer on the bulk samples not seen in the nanoparticles.  
 
NB- Higher resolution, 0.1 eV increment TEY (surface sensitive) scans of both bulk and 
nano samples (See figure 5.1) revealed temperature-independent shoulders in the bulk 
sample that closely matched those seen in V2O5 around 518 and 518.5 eV. [131] This is 
attributed to the presence of an oxidized surface passivation layer that has been well 
documented in VO2 [85, 149] and was more pronounced in the bulk samples, likely due 




stability was guaranteed by the manufacturer for the duration of these experiments.) It 
may be tempting to attribute the relatively lower oxidation state observed for the 
nanoparticulate sample to the lack of an identifiable passivation layer. However, the 
existence of the bulk surface passivation layer does not seem to have affected the 
main conclusions of the data. The analysis of lower resolution (0.2 eV increment) 
surface-sensitive bulk sample TEY measurements (which did not reveal these shoulders) 
are consistent with their TFY (bulk sensitive) counterparts and otherwise consistent with 
the high-resolution TEY data with only this exception. There was also no indication of a 
V2O5-like impurity in the bulk VO2 XPS, which is by far the most surface sensitive 
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